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Abstract 
The Mississippian–Pennsylvanian boundary near Johnstown, Pennsylvania is marked by an 

iron-rich “boundary mudstone” that grades downward into a quartzose “subjacent sandstone” at 

in the Mauch Chunk Formation (Mississippian). Field, micromorphological, geochemical, and 

mineralogical characteristics of these strata indicate that they constitute a well-developed 

paleosol (the “Route 56 paleosol) with a complex pedogenic history. The boundary mudstone 

contains evidence for waterlogged conditions (sphaerosiderite) consistent with a gleyed 

underclay and evidence of intense tropical weathering (abundant kaolinite, ferric iron, and 

runiquartz) under well-drained conditions.  These contrasting mineralogical and 

micromorphological characteristics indicate the Route 56 paleosol experienced a complex, 

polygenetic history involving contrasting soil-forming regimes.  Specifically, the Route 56 

paleosol is interpreted as having formed in a tropical rainy climate on an interfluve of the 

Mississippian–Pennsylvanian unconformity.  This study demonstrates how detailed geochemical 

and micromorphological analyses can be used to provide sedimentological evidence for an 

otherwise cryptic unconformity surface. 

Introduction 

The Mississippian–Pennsylvanian unconformity in the Appalachian Basin is a regional 

surface that records both a mid-Carboniferous eustatic event (Saunders and Ramsbottom, 1986; 

Beuthin, 1997) and tectonic activity within the basin (Quinlan and Beaumont, 1984; Ettensohn 

and Chesnut, 1989; Chesnut, 1990; Ettensohn, 1994). The Mississippian–Pennsylvanian 

unconformity is marked by pronounced erosional relief associated with paleovalleys (Rice, 1984, 

1985; Rice and Schwietering, 1988; Chesnut, 1988; 1992; Beuthin, 1994; Yang, 1998). Although 

paleosols would be expected to occur on interfluves along the unconformity surface, they have 

been reported at only a few locations throughout the basin (Smyth, 1984; Williams and 

Bragonier, 1985; Cecil and others, 1992; Chesnut and others, 1992; Beuthin, 1997; Humbert, 

2001). Interfluve paleosols are often subtle features that are difficult to identify using field 

evidence alone and it is likely that they have been overlooked in many locations.  McCarthy and 

Plint (1998) showed that paleopedology can be used to recognize interfluve paleosols associated 

with sequence boundaries and that these features typically have a complex, polygenetic origin. 

                                                             

 

1 This contribution is largely derived from Rygel, M.C. and Beuthin, J.D., 2002, Paleopedology of a residual clay 
associated with the Mississippian-Pennsylvanian (mid-Carboniferous) unconformity, southwestern Pennsylvania; 
Southeastern Geology, v. 41, no. 3, p. 129-143. 
2 Department of Geology, SUNY Potsdam, Potsdam NY 13676, rygelmc@potsdam.edu 
3 Weatherford Laboratories, 16161 Table Mountain Parkway, Golden, CO 80403, jack.beuthin@weatherfordlabs.com 
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We use this approach to provide insight into the nature and origin of the Mississippian–

Pennsylvanian boundary in the central Appalachian Basin. 

The Mississippian–Pennsylvanian boundary and associated strata are well exposed in a 

roadcut along Pennsylvania Route 56 just to the north of the city of Johnstown (Figures 1 and 2).  

 

Figure 1.  Location of the Route 56 paleosol near Johnstown, Pennsylvania (bedrock geology after Glover and Edmunds, 

1981). Other paleosols associated with the Mississippian Pennsylvanian boundary have been reported near Clearfield, 

Pennsylvania (Williams and Bragonier, 1985) and Morgantown, West Virginia (Cecil and others, 1992). 

 

Figure 2.  Outcrop photograph and interpretive stratigraphy of the Route 56 paleosol. Position of the Mississippian 

Pennsylvanian unconformity (Mauch Chunk Pottsville contact) is indicated by the bold solid horizontal line; contacts between 

units within the paleosol shown with dashed lines. Units 1 and 2 comprise the boundary mudstone, Units 3 and 4 comprise 

the subjacent sandstone. Exact position of the measured section shown is with thick vertical line. Note that unit thicknesses 

vary across the outcrop. Photoscale (measuring staff indicated by bold arrow) is 1.7 m tall with 0.1 m gradations. 

The boundary is marked by an iron-rich mudstone with characteristics of a semi-flint to plastic 

clay. This mudstone, which is overlain by strata of the Pottsville Formation (Pennsylvanian), 
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grades down into a subjacent sandstone of the Mauch Chunk Formation (Mississippian). In this 

paper, the boundary mudstone and underlying Mauch Chunk sandstone are collectively termed 

the “Route 56 paleosol.”   Mudstones in the Pennsylvanian System with similar lithologic 

characteristics were interpreted by Williams and others (1965) as residual clays formed on 

well-drained interfluves of cyclothem-bounding unconformities. In this study we use 

paleopedology to test the hypothesis that the “boundary mudstone” at the study site is a residual 

soil formed on an interfluve associated with the Mississippian–Pennsylvanian unconformity. 

Stratigraphic Setting 

Strata exposed in the study interval belong to the upper 

part of the Mauch Chunk Formation (upper Mississippian) 

and the lower part of the Pottsville Formation (middle 

Pennsylvanian) (Figure 3). Below the Route 56 paleosol 

about 30 m of the Mauch Chunk Formation is exposed; 

common lithologies include red mudstone, green siltstone, 

and gray sandstone.  This middle Chesterian unit records a 

regional transgression in southwestern Pennsylvania 

(Horowitz and Rexroad, 1972; Brezinski, 1989; Edmunds, 

1993; Stamm, 1997). Above the Route 56 paleosol about 4 m 

of the Pottsville Formation are exposed, comprising 

carbonaceous mudstone and a gray sandstone that are likely 

part of the Mercer shale member of Phalen (1910). Although 

biostratigraphic control on the age of the basal Pottsville 

strata in this exposure are lacking, palynomorphs and 

megaflora from the Mercer interval elsewhere in the basin 

indicate a Bolsovian (Atokan) age (Peppers, 1996; Blake and 

others, 2002). The formation contact is an irregular 

erosional surface with about 1.0 m of relief across the 

outcrop face. 

The Mississippian–Pennsylvanian unconformity in 

southwestern Pennsylvania omits strata of uppermost 

Mississippian-lower Pennsylvanian age (upper Chesterian-

Morrowan or Namurian-lower Westphalian) and may 

represent as much as 16 million years of missing time 

(Edmunds, 1993; Menning and others, 2000).  In the 

Appalachian Basin the Mississippian–Pennsylvanian 

boundary records both a prolonged lowstand and a major 

climate change from wet-dry/monsoonal conditions in the 

Mississippian to tropical rainy conditions during the 

Pennsylvanian (Cecil and others, 1985; Cecil, 1990). The 

record of climate change is evident in the paleosol record throughout the Appalachian Basin.  

Vertic and calcic paleosols are ubiquitous in the Upper Mississippian succession (Cecil and others, 

1985; Cecil, 1990; Cecil and Dulong, 1992; Caudill and others, 1992; Caudill and others 1996; 

Beuthin, 1997; Greb and Caudill, 1998; Miller and Eriksson, 1999, 2000). Although thin, impure 

Figure 3.  Upper Mississippian lower 

Pennsylvanian stratigraphy of 

southwestern Pennsylvania showing 

hiatus associated with the Mississippian 

Pennsylvanian unconformity. 

Chronostratigraphy after Edmunds 

(1993); numerical dates from Menning 

and others (2000). European stage names 

are abbreviated as follows: Langsettian 

(Lang.), Duckmantian (Duck.), Bolsovian 

(Bols.), and Westphalian D (West. D). 
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Mississippian coals are present locally, these organic-rich horizons are probably the products of 

topographic control, rather than climate control (Beuthin and Blake, 2002). In contrast, the lower 

Pennsylvanian succession comprises thick coals (paleo-Histosols), but lacks vertic and calcic 

paleosols (Donaldson and others, 1985; Cecil and others, 1985; Cecil, 1990; Cecil and Dulong, 1992). 

The Route 56 Paleosol 

Outcrop Description 

Within the line of section, the boundary mudstone is 1.5 m thick and the subjacent sandstone 

is 5.5 m thick (Figure 4).  Four horizon-like units are recognized in the paleosol, two in the 

boundary mudstone (Units 1 and 2) and two in the subjacent sandstone (Units 3 and 4). Laterally, 

the units vary in thickness and the boundary mudstone is locally truncated at the base of the 

Pottsville Formation. Unit descriptions are as follows: 

Unit 1: 50 cm thick; light-olive-gray; silty mudstone with isolated lenses of muddy, very 

fine- to fine-grained sand; internally massive; slight vuggy texture with 

yellowish-orange iron staining common around vug margins; basal contact wavy 

and gradational. 

 

Figure 4.  Sedimentological log of the Route 56 paleosol and associated strata. 
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Unit 2: 100 cm thick; light-gray to reddish-yellow; silty mudstone; massive; numerous 

iron-rich glaebules ranging from 5 to 26 cm in diameter; glaebules have a 

tripartite concentric structure consisting of a siderite-rich core, iron-depleted 

middle layer, and a ferruginous outer rind (Figure 5); silty to sandy cores have 

abundant reddish-brown sphaerosiderite rosettes (0.1-1.0 mm in diameter); 

clayey middle layers have a well-developed vuggy texture (vugs ranging from 

0.1-1.0 mm in diameter); reddish-brown rinds are silty; small glaebules lack 

siderite-rich cores; basal contact wavy and gradational. 

Unit 3: 100 cm; white to very-light-gray; medium-grained sandstone; quartzose and 

silica-cemented; internally massive, lacks primary sedimentary structures and 

labile clasts; basal contact wavy and gradational. 

Unit 4: 450 cm; light-gray; fine-grained sandstone; argillaceous; scattered siderite 

cement; very thick- to massive-bedded; planar-laminated to cross-bedded; 

contains pebble-sized rip-up clasts of gray-green mudstone; contact with 

subjacent red beds is sharp and flat. 

Micromorphology and Petrography  

Boundary Mudstone (Units 1 and 2):  The micromorphological terminology used in this section 

is after Brewer (1976).  The relative abundance of skeleton grains (silt and sand) and plasma 

(clay) ranges from skeleton grains floating in plasma to skeleton grains that are in contact or 

linked by intergranular braces. The plasma fabric is mostly asepic (weakly/randomly oriented 

clay, dull plasma) with scattered patches of sepic fabric (oriented, bright clay).  In patches of sepic 

fabric, bright clay is aligned in isolated to interconnected streaks (insepic and mosepic fabrics, 

respectively). Where plasma forms intergranular braces, bright clay commonly jackets skeleton 

grains (skelsepic fabric). In contrast to the rest of the boundary mudstone, the cores and vuggy 

middle layers of the glaebules exhibit sepic fabric with patches of densely woven bright clay 

(omnisepic fabric) (Figure 6A).      Skeleton grains are almost exclusively composed of quartz and  

Figure 5.  Tripartite concentric structure of a glaebule from Unit 2 of the boundary mudstone. 
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Figure 6.  Selected photomicrographs from the Route 56 paleosol. (A) Sepic plasmic fabric surrounding vugs (v) in sample 

0.75V (middle layer of a glaebule; cross polarized light). (B) Fractured and corroded quartz grains (runiquartz) from 

sample 1.00R (glaebule rind; plane polarized light). (C) Sphaerosiderite (s) embaying quartz (qtz) in sample 1.00C 

(glaebule core; cross polarized light). (D) Sphaerosiderite rosettes (s) in muddy matrix from sample 1.00C (glaebule core; 

plane polarized light). (E) Sphaerosiderite rosettes (s) in silty sandy matrix of sample 1.00C (glaebule core; cross polarized 

light). (F) Vug (v) with radial margin and relict sphaerosiderite (s) in sample 1.00V (middle layer of a glaebule; circular 

polarized light). 
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range in size from silt to medium-grained sand.  Glaebule rinds are clayey; any clay fabric present 

is generally obscured by amorphous iron. Scattered quartz grains in the rinds are fractured and 

corroded, with microveins of ferric material frequently lining the fractures (Figure 6B); they are 

nearly identical to runiquartz as described by Stoops (1983). Many quartz grains in the cores of 

the glaebules are etched and embayed by siderite (Figure 6C). Cutans are uncommon, but where 

present they typically are stained by iron (ferri-argillans) or composed of densely packed plasma 

(embedded grain argillans). Some ferri-argillans coat collapsed voids. Glaebule cores generally 

lack cutans and contain spherical aggregates or siderite with a radiating crystal habit (Figures 6D 

and 6E). These sphaerosiderite rosettes range in diameter from 0.6-1.0 mm although they locally 

coalesce to form intergrown masses up to 1 cm in size.  The radial form of many vugs indicates 

that they are molds of sphaerosiderite rosettes (Figure 6F). A few segregations of material 

resemble voids filled with skeleton grains (granotubules), some of which are lined with streaks 

of plasma (isotubules).   

Subjacent Sandstone (Units 3 and 4):  Skeleton grains are typically in contact with one another 

and interstitial plasma is rare. Where present, plasma forms intergranular braces. Skeleton grains 

in Unit 3 are composed of fine- to medium-grained, subangular to subrounded monocrystalline 

(90%) quartz sand.  Grain contacts in Unit 3 are commonly flat or concave-convex.  Quartz 

overgrowths are common in Unit 3 and can be regarded as embedded grain quartzans.  

Polycrystalline quartz grains and mudstone rip-up clasts become common near the base of Unit 

4.  In Unit 3 and the top part of Unit 4, cherty silica fills many interstitial voids and euhedral 

siderite cement (not sphaerosiderite) is present locally.  In the upper part of Unit 4, a few plane 

argillans and embedded grain argillans are present.  

Bulk Mineralogical and Geochemical Features of the Boundary Mudstone 

Bulk XRD analysis shows that clay content of the boundary mudstone ranges from 25.7 to 

70.6% (Table 1). Kaolinite and illite were the only detectable clays and the kaolinite:illite ratio 

ranged from 1.6 to 3.5. Quartz is the only other abundant silicate mineral and its abundance 

ranges from 24.2 to 57.3%. A glaebule core sample contained 15.0% siderite; no other carbonate 

phases were detected. XRD analysis failed to detect iron-bearing minerals in the glaebule rinds, 

an anomaly that is consistent with the presence of amorphous iron in thin section. 

Silica, iron, and alumina are the primary constituents of the boundary mudstone (Table 2). 

Silica is the most abundant, with values ranging from 41.95 to 88.84% by weight. Total iron (FeO 

+ Fe2O3) reaches a maximum value of 33.8% in a glaebule rind from Unit 2. Ferric iron 

predominates in the rinds (99% of total iron) and ferrous iron is most abundant in the cores 

(88%). Alumina reaches a maximum value of 24.4% in Unit 1. 

Abundance of leachable bases (MgO + CaO+ Na2O + K2O) ranges from 0.35 to 2.80%.  The ratio 

of alumina to bases (Al / MgO + CaO+ Na2O + K2O) can be used to measure the degree of leaching 

in a paleosol (Retallack, 2001); values in the boundary mudstone range between 13 and 23.  
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Table 1.  Whole rock XRD data for the Route 56 paleosol (data are normalized).   

Common minor minerals include rutile, plagioclase, K-feldspar, diaspore, anatase, and hematite. 
Multiple samples from 0.50 m represent the sandy (0.50-1) and clayey (0.50-2) lithologies present at 
this depth. Glaebular samples are identified as having come from either the siderite-rich core (C), the 
middle vuggy layer (V), or the ferruginous rind (R). XRD samples were analyzed using a Scintag X-1 
diffractometer; diffractogram peaks were analyzed using lab software available at the U.S. Geological 
Survey in Reston, VA. 

UNIT 
Depth in 

Profile (m) 
Quartz        

(%) 
Siderite  

(%) 
Illite           
(%) 

Kaolinite 
(%) 

Minor 
Minerals    

(%) 

B
o

u
n

d
ar

y 
m

u
d

st
o

n
e

 

1 

   0.00 35.5 0.0  16.9    45.4 1.6 
   0.25 52.8 0.0  12.8    28.8 5.6 
   0.50-1 67.8 0.0 9.4    19.1 1.8 
   0.50-2 24.2 0.0  16.5    57.1 2.1 

2 

   0.75 V 85.3 0.0 3.6 9.5 1.7 
   0.75 C 57.3   15.0 6.9    18.8 2.1 
   1.00 R 24.8 0.0  21.6    49.0 1.3 
   1.00 V 69.2 0.0 8.5    19.7 2.7 
   1.00 C 87.3 0.4 2.0 6.9 3.4 
   1.25 95.7 1.1 0.0 3.0 0.2 

Su
b

ja
ce

n
t 

sa
n

d
st

o
n

e
 

3 

   1.50 95.5 1.5 0.0 1.9 0.0 
   1.75 89.5 0.0 4.5 4.6 1.4 
   2.00 92.5 0.0 0.0 6.6 0.9 
   2.50 90.6 0.0 3.7 4.8 1.0 

4 

   3.00 84.0 0.0 6.1 6.2 3.3 
   3.50 87.1 0.0 2.6 9.2 1.1 
   4.00 84.9 0.0 6.5 7.1 1.5 
   4.50 82.0 0.0 5.8    11.0 1.2 
   5.00 80.8 0.0 5.8    10.5 2.8 
   5.50 76.5 0.7 5.0    11.6 6.1 
   6.00 83.4 0.9 3.2 7.9 4.7 
   6.50 81.3 1.4 3.0 5.6 8.7 
   7.00 83.7 0.2 4.6 8.0 2.5 
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Discussion 

Evidence of Intense Pedogenesis 

The complexity documented in the Route 56 paleosol supports our interpretation of these 

rocks as a well-developed paleosol with a complex pedogenic history. Although the complexity of 

the paleosol makes it impossible to use standard soil horizon nomenclature, it is still possible to 

interpret the pedogenic processes that created each unit. 

The subjacent sandstone exhibits varying degrees of pedogenic alteration. The presence of 

bedding and labile rip-up clasts in the lower part of the sandstone (Unit 4) implies that it consists 

of relatively unaltered parent material. In contrast, the upper part of the sandstone (Unit 3) 

possesses several characteristics of a well-leached, pedogenic ganister including quartz-rich 

sand, silica cement, absence of sedimentary structures, and a downward transition into a 

compositionally less mature sandstone (Percival, 1983).  

Numerous aspects of Units 1 and 2 indicate that boundary mudstone is a clayey residuum 

composed of strongly altered parent materials. Abundant kaolinite and quartz suggests removal 

of unstable constituents by intense hydrolysis and leaching consistent with what would be 

expected in modern Oxisols (Soil Survey Staff, 1998; Birkeland, 1999; Retallack, 2001) or 

ferruginous soils (Duchaufour, 1982). Intense weathering is also supported by the presence of 

runiquartz, a common feature of modern Oxisols (Stoops, 1983). Sepic fabrics observed within 

Unit 2 glaebules are likely relict features inherited from an earlier stage of pedogenesis. The 

oxidized rinds and reduced cores of these glaebules suggest a complex history of iron 

mobilization and redoximorphism (Vepraskas, 1999). Although it is difficult to determine the 

nature of the parent material of the boundary mudstone, common coarse silt and sand suggest 

that at least some of the parent material was sandy (Loughnan and Bayliss, 1961). 

Geochemical data also indicate that the boundary mudstone is a deeply weathered residual 

clay.  Alumina/bases ratios of 13 to 23 indicate strong base depletion consistent with modern 

Oxisols (Retallack, 2001). Even though iron is in both an oxidized and reduced state, total iron 

values (up to 33.78%) compare well with that of some modern Oxisols (Birkeland, 1999). Like 

other paleosols associated with major geological unconformities, the Route 56 paleosol is 

enriched in resistant elements such as iron, aluminum, and silica (Retallack, 2001). 

The absence of root traces and lack of clay coatings is consistent with evidence for extreme 

weathering because organic matter has low preservation potential in the strongly oxidizing 

conditions. 

A Polygenetic History 

The Mineralogical and micromorphological disparities described above suggest a polygenetic 

origin involving contrasting soil-forming regimes. For example, abundant kaolinite in the 

boundary mudstone indicates hydrolysis associated with a well-drained land surface but 

sphaerosiderite in the same part of the paleosol suggests gleying associated with a 

poorly-drained environment.  Altogether, the features of the paleosol are interpreted to record 

three phases of development, as outlined below and in Figure 7. 
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Figure 7.  Three phase pedogenic model for the Route 56 paleosol illustrating development of ferruginous glaebules in the 

boundary mudstone. 

Phase 1(Initial Ferrallitization):  This phase was characterized by good drainage and 

intense hydrolysis. Abundant rainfall and good drainage allowed for the leaching of bases and the 

destruction of unstable minerals by chemical weathering.  The residuum of kaolinite and quartz 

is preserved as the kaolinitic matrix of the glaebule cores.  The presence of sphaerosiderite in 

globule cores indicates that the hydrolysis phase was followed by gleization.  Given the evidence 

for an initial phase of intense chemical weathering, it seems likely that iron oxides/hydroxides 

also accumulated as a residual product of deep weathering. During this initial phase, the Route 

56 paleosol approached a state of development comparable to that of an Oxisol. 

Phase 2 (Gleization):  During this phase drainage conditions deteriorated as the water table 

rose.  The iron oxides/hydroxides concentrated during Phase 1 were transformed into 

sphaerosiderite by during gleying by alkaline, reducing water (Curtis and others, 1975; 

Ludvigson and others, 1998; Ufnar and others, 2001). These waters were probably meteoric 

rather than marine because the presence of sulfide in the system would have favored the 

formation of pyrite over sphaerosiderite.  

Phase 3 (Final Ferrallitization):  During this final phase, the glaebules in Unit 2 of the boundary 

mudstone were created by lowered or seasonally fluctuating water levels.  Oxidation of 

sphaerosiderite created the iron-rich materials in the glaebule rinds. Much of this iron appears 

to be derived from the iron-depleted, vuggy middle layer of the glaebules. The siderite-rich cores 

of the glaebules represent pedorelicts of the gleization phase. Fractured runiquartz in glaebule 

rinds suggests intense physical and chemical destruction of quartz.  The solubility of quartz in 

the upper part of the paleosol may have increased significantly by redoximorphic reactions 

involving iron (Morris and Fletcher, 1987). This final phase of pedogenesis was followed by 

deposition of Pottsville sediments during onlap of the mid-Carboniferous land surface. 
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Relationship to the Mississippian-Pennsylvanian Unconformity 

The Route 56 paleosol is interpreted as an interfluve expression of the Mississippian– 

Pennsylvanian unconformity. Unlike many floodplain paleosols, those developed on interfluves 

typically are polygenetic and have complex drainage histories related to changes in base level 

(Gardner and others, 1988; McCarthy and Plint, 1998; McCarthy and others, 1999; Plint and 

others, 2001).  Given the complexity seen within the Route 56 paleosol, it is difficult to 

unequivocally attribute polygenesis of the Route 56 paleosol to a single base-level event. 

Although likely formed in association with the mid-Carboniferous eustatic event that impacted 

much of the basin (Saunders and Ramsbottom, 1986; Beuthin, 1997; Driese and others, 1998; 

Blake and others, 2002), the hiatus in the study area is large enough that the paleosol may also 

have been impacted by tectonic activity, climate change, and landscape evolution. 

The Route 56 paleosol probably does not record the entire weathering history of the 

unconformity. The deeply leached and weathered character of the paleosol suggests 

development during the tropical rainy conditions of the early Pennsylvanian Period (Cecil and 

others, 1985; Cecil, 1990). In contrast, paleosols formed under the seasonal climate of late 

Mississippian time in the Appalachian Basin are typically vertic and/or calcareous (Cecil and 

others, 1985; Cecil, 1990; Cecil and others, 1992; Caudill and others, 1992, 1996; Beuthin, 1997; 

Beuthin and Blake, 2002).  Much like the Olive Hill clay of eastern Kentucky, the Route 56 paleosol 

probably records Pennsylvanian weathering of exposed Mississippian strata in the aftermath of 

a “Mississippian–Pennsylvanian” event.  Regardless of exactly when weathering began, the Route 

56 paleosol provides sedimentological evidence for a pronounced unconformity between the 

Mississippian and Pennsylvanian systems at this site.   

The Route 56 paleosol provides important data for assessing regional variations in soil 

formation associated with the Mississippian–Pennsylvanian unconformity. The Mercer clay near 

Clearfield, Pennsylvania (Figure 1) is also interpreted as a residual clay developed in association 

with the unconformity (Williams and Bragonier, 1985). In contrast to the iron-rich Route 56 

paleosol, the Mercer clay is a more deeply weathered alumina-rich residuum that contains 

diaspore, boehemite, and gibbsite. Just east of Morgantown, West Virginia (Figure 1), the 

unconformity is marked by a clayey paleosol that appears to be a paleo-Ultisol (Cecil and others, 

1992). Taken together, these paleosols indicate a south-to-north increase of paleopedogenesis 

across the northern flank of the basin that likely resulted from differences in the duration of 

subaerial exposure related to paleotopography on the unconformity surface.   

Conclusions 

In many cases, identification of residual clays related to the Mississippian–Pennsylvanian 

unconformity may requires more than just field observation. In this case, abundant siderite might 

lead one to infer that it was formed entirely in a poorly-drained environment. However, 

micromorphological and geochemical analysis indicates a complex, polygenetic developed during 

the large time gap represented by the Mississippian–Pennsylvanian unconformity. 

Despite its stratigraphic importance, the Mississippian–Pennsylvanian unconformity 

remains a cryptic feature at many localities in the Appalachian Basin (Brezinski, 1985; Edmunds, 

1993). Although the erosional features of the unconformity are much more obvious, this study 

adds to the growing body of evidence that paleosols can be equally diagnostic features (Cecil and 
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others, 1992; Beuthin, 1997). Given the insights from this study, it seems likely that the 

unconformity should be marked by more residual clays and mature paleosols on the northern 

and western flanks of the basin where prolonged exposure occurred. Continued analysis of 

paleosols associated with the Mississippian–Pennsylvanian boundary may yield better evidence 

for the unconformity and additional details of soil-forming processes related to unconformity 

development. 
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Introduction 

The following paper will be published (Chapter 1: Genetic Stratigraphy: Late Pleistocene 

through the Holocene Paleoclimates and Paleoenvironments of Pennsylvania) in an upcoming 

book: The Archaeology of Native Americans in Pennsylvania edited by Kurt W. Carr, Christopher 

A. Bergman, Christina B. Reith, Bernard K. Means, and Roger W. Moeller.  This represents a 

detailed synthesis of Pennsylvania archaeology including the geomorphology of archaeological 

sites and paleoenvironmental reconstruction of the last 16,000 years for the region.  All citations 

to this paper should acknowledge the material above.  The chapter presents a synthetic 

organization of the geomorphology of Pennsylvania as it relates to Native American 

archaeological sites.  First, using genetic stratigraphy, we reconfigure the geomorphology of the 

major drainage systems into chronostratigraphic units, focusing upon dated paleosols from 

cultural deposits.  Relevant sites within each of the major drainage basins are discussed and 

characterized, noting the specific geomorphic traits signaling potential stratified cultural 

deposits along various sections of the evolving drainage systems. To achieve environmental 

reconstruction, the chronostratigraphic units are then correlated within and between drainage 

basins.  In addition, a standardized descriptive terminology is presented for the stratigraphy of 

Pennsylvania’s drainage systems as they relate to climatic and cultural strata. 

Secondly, we offer a paleo-environmental and paleoclimatic reconstruction that extends from 

Late Pleistocene to the present.  This enables cultural events to be positioned on an ecological 

stage, in sufficient detail that they can (where appropriate) be related to such environmental and 

climatic events as the Younger Dryas, the Sub-Boreal, the Neo-Atlantic/Medieval Warming and 

the Little Ice Age (Figure 1). 

Introduction to Genetic Stratigraphy 

Work on the stratigraphic correlation of marine units led to the recognition of genetic units 

(Walker, 1980; Goodwin and Anderson 1985; Busch and West, 1987).  These genetic units were 

categorized according to their lateral extent (Figures 2 and 3).  Some genetic units were the 

transgressive-regressive products of sea level change and could be correlated widely, 

presumably reflecting a depositional signature that affected a broad geographic area (allogenic 

event).  Other genetic units were locally developed (such as the products of delta switching and 

destruction) and were termed autogenic. The latter were of limited use in regional stratigraphic 

correlation.  

Genetic units, wherever identified (e.g. in exposures, cores, etc.), are of unknown lateral 

extent prior to correlation.  The scale of allogenicity and autogenicity is relative and is dependent 

upon the scale of observation of lateral extent.  Allogenic events, for example, may be global or 

confined to a single depositional basin or drainage system.  Autogenic events may be similarly 
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scaled, ranging from local tectonism down to delta switching, storm scour, or channel avulsion.  

In order to establish the geographic extent of a genetic unit one must assume initially that it is 

extensively correlatable (Figure 4). 

Figure 1.  Diagrammatic Table Showing Relationship of Climate Episodes with Pollen Zones, 

Climatic and Fluvial Response, Stratigraphic Discontinuities and Genetic Horizons 
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Figure 2.  Schematic Profile Illustrating Monotypic and Polytypic Facies and Pedostratigraphic Horizons 

In Pennsylvania and, in general, the Mid-Atlantic region, alluvial paleosols (now buried 

cumulic A horizons) document prolonged episodes of terrace stability.  As such, they are excellent 

chronostratigraphic marker horizons (allogenic genetic units) that can be recognized and utilized 

in both inter-basinal and intra-basinal stratigraphic correlations.  On the other hand, alluvial 

strata that are products of events that are environmentally and geographically circumscribed are 

local (autogenic genetic units) and generally not as useful for stratigraphic correlation.  A sand 

horizon deposited as a result of a large flood event over several days is a classic autogenic unit 

that is effectively time-parallel.  While such events are temporally constrained, their geographical 

expressions (or recognition) within an alluvial package are quite limited. 

Genetic stratigraphy, as applied to marine sequences, can be readily adapted to alluvial 

sequences containing paleosols (buried soils).  Alluvial sequences are now viewed as 

representing long intervals of stasis (indicated by buried soils), punctuated by brief episodes of 

deposition or erosion (Kraus and Brown 1986; Kraus 1987; Retallack 1984).  As such, paleosols 

are ideal genetic units for establishing a chronostratigraphic framework.  Because they reflect 

extensive temporal stability, paleosols, in general, are allogenic genetic units traceable over 

considerable distances.  The degree of temporal stability, or time interval represented by the 

paleosols, varies widely.  A-horizons may form on alluvial deposits in humid regions in only a few 

hundred years (Scully and Arnold 1979, 1981).  On the other hand, paleosol formation may take 

tens of thousands of years or more in arid regions (Kraus and Brown 1986, and references 

therein).  

The bulk of the physical alluvial record is, in a sense, a record of the punctuational events - 

the brief and episodic deposition of channel and splay deposits, channel avulsion, migration, etc.  
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Thus, alluvial facies are predominantly autogenic units, untraceable over extensive geographic 

areas.  Alluvial sequences commonly vary greatly in thickness and contained facies over short 

lateral distances, making lithofacies correlation virtually impossible.  However, such pronounced 

facies development is likely to be absent within very distinct genetic surfaces connected with the 

thin paleosols.  Paleosols can thus be treated like the transgressive surfaces and climate-change 

surfaces in marine genetic stratigraphy.  The complexities of Walther’s Law will only be present 

within the boundaries of the allogenetic genetic surfaces of the paleosols. 

Figure 3a.  Idealized Soil Stratigraphic Profile Showing Allogenic and Autogenic Horizons 
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The lateral changes in the distinguishing characteristics of marine allogenic surfaces also 

have an analog in alluvial sequences.  In the stratigraphic record of marine basins, proximal 

(marginal) hard grounds may grade distally basinward into cryptic time-averaged shell lags.  

Similarly, Brown and Kraus (1986) and Kraus (1987) described morphological variation in 

Figure 3b.  Idealized Soil Stratigraphic Profile for the Susquehanna River Valley 
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laterally developed paleosols (“pedofacies”) in early Eocene overbank deposits in the northern 

Big Horn Basin.  Pedogenic sequences near channel margins (proximal) developed only incipient 

(stage 1) paleosols, whereas those in flood plain areas (distal) tended to exhibit relatively more 

mature (stage 2 or stage 3) paleosols.  The more mature distal paleosols will usually be more 

easily traced over wide areas, but the more cryptic immature proximal paleosols will provide 

greater details of autogenic overprinting (episodic channel migration, avulsion, etc.).  In practice 

both the more mature distal and cryptic/immature proximal paleosols represent “marker” or 

“event” horizons that permit the floating of adjacent stratigraphic sections into a meaningful 

integrated chronostratigraphic framework. The application of this high-resolution 

chronostratigraphic framework will facilitate predictive stratigraphy (Figures 2 – 4). Genetic 

units thus can provide important information on the responses of fluvial systems to Holocene 

climate change and can aid in archaeological site prediction.  The recognition of allogenic genetic 

surfaces that “punctuate” small-scale allogenic units permits refined chronostratigraphy at 

archaeological sites. The basic genetic units can often be combined into a hierarchical framework 

of allogenic genetic units, leading to an integrative type of stratigraphic analysis (Busch and West, 

1987; Rollins et al. 1989; Vento et al. 1994, Vento et al. 2008). 

In fact, any carefully constructed chronostratigraphic framework using paleosols should 

investigate the merits of a hierarchical approach.  Temporally extensive alluvial sequences are 

likely to record more than a single level of allogenic genetic units.  Kraus (1987) subdivided the 

early Eocene Willwood alluvial deposits into third-order sequences (small paleosol sequences, 3-

7 m thick), second-order sequences (tens of meters thick and harboring a number of vertically 

stacked, third-order cycles), and first-order sequences (hundreds of meters thick, containing 

several second-order sequences).  The larger genetic units (first-order) probably reflect such 

events as basin-wide climatic and/or tectonic change.  Smaller genetic units (third-order and 

second-order) are likely controlled by such factors as channel migration, avulsion, overbanking, 

etc. (Kraus 1987). 

There can be intimate interfacing of marine and terrestrial genetic units in drainage basins 

that adjoin coasts.  For example, the Delaware drainage system which possesses only minor falls 

at the Coastal Plain/Piedmont transition, is affected by fluctuations in base level resulting from 

changes in relative sea level.  A dramatic reduction in the rate of floodplain accretion at the head-

of-tide and in lower elevational portions of the Delaware Valley, at approximately 5000 BP. to 

4500 BP., correlates with a major change in rate of sea level rise in Delaware Bay (Kraft and John 

1987).  Conversely, middle and upper sections of the Valley exhibit high rates of alleviation during 

the same interval.  Cycles of relative sea level change along the northeast coast of the U.S. might 

control via episodic alluviation or incision, for example, the development of paleosol sequences. 

Prolonged changes in the fluvial regimes in the northeast were related to ablation of the 

Laurentian ice sheet and concomitant changes in atmospheric circulation.  For example, from 

10,000 BP. to 6000 BP. the Holocene was dominated by strong zonal flow which favored 

relatively slow but continuous vertical accretion along the major drainage routes in the region 

(Figure 5).  After 6000 BP. the continued ablation of the ice sheets engendered more frequent 

meridional circulation and the penetration of warm and moist air masses, and larger cyclonic 

storms (Vento et al. 1994).  Paleosols on aggrading terraces within the Middle Atlantic region 

reflect these changes in atmospheric circulation.  The interval 6000 BP. to present displays a  
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Figure 4.  Stream Valley Development Model for Pennsylvania 
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record of varying periods of flood plain stability interrupted by periods of frequent over banking 

events and active lateral channel migration.  The interval 700 BP. to present, spanning the Little 

Ice Age and the period of historic deforestation was a time favoring active overbank deposition 

as well as lateral channel migration and flood scouring (Vento et al. 1994; Vento et al. 2008; 

Figure 5). 

 

Figure 5.  Penecontemporaneous Soil Stratigraphic Profiles Showing Paleosols Genetic Units) within the Susquehanna 

River Drainage Basin  

Paleosols, as documented episodes of terrace stability, are found not only across drainage 

divides throughout Pennsylvania and the greater Middle Atlantic region but, recently, similar 

buried A horizons have been found at St. Catherines Island, Georgia (Vento and Stahlman, 2011) 

and provide an even more extended temporal opportunity  (22,800 BP. to 10,000 BP.) for 

correlation by such allogenic genetic units. In the latter situation, burial of the paleosols was a 

result of increased aeolian deposition, not overbank deposition. 

Methodological Application and Implementation of Genetic Stratigraphy - Pennsylvania 

and the Middle Atlantic Region 

We suggest that ongoing research on the chronostratigraphy of the Delaware, Ohio, and 

Susquehanna drainage basins will soon lead to the development of an integrated genetic 

stratigraphic framework.  The recognition of multiple, buried Holocene age genetic sola 

sequences (Vento and Rollins, 1989; Vento et al. 1994), based on data from over 480 stratigraphic 

sections in the Susquehanna, Delaware and Ohio drainage basins, permit preliminary evaluation 

of use of genetic stratigraphy for intrabasinal and interbasinal correlation (Figures 6 and 7 and 

Figure 8). 

This extended stratigraphic database has led to more precise formulation of the methodology 

and practice of genetic stratigraphy in alluvial sequences in the northeastern United States, as 

follows: 
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Figure 6.  Soil Stratigraphic Profiles Showing Penecontemporaneous Paleosols (Genetic Units) in Geographically 

Separated Drainage Basins 

 

Figure 7.  Stratigraphic correlations across Pennsylvania trunk stream for the Ohio, Susquehanna and Delaware River 

Basins (taken from Schuldenrein, Vento and Selby 2003). 
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(1.) Stratigraphic Sections: 

Detailed stratinomic (stratum-by-stratum) description and measurement of individual 

alluvial sequences is essential.  Particular attention must be paid to identification of all types of 

soil horizons. 

(2.) Paleosols as Allogenic Units: 

Buried soil horizons serve as the basic units in the application of genetic stratigraphy to 

alluvial sequences.  Of particular value are the buried cumulic A-horizons, which reflect 

conditions of temporal stability in humid regions.  A-horizons are frequently traceable over wide 

areas of a single drainage basin, and even among multiple drainage basins.  As such, they can be 

ideal allogenic units, as useful as seismically determined unconformities are to Atlantic and Gulf 

coastal plain chronostratigraphy (Galloway 1989; Poag and Schlee, 1984).  As is often the case 

with marine unconformities, alluvial soil horizons may encompass the bulk of time represented 

by a stratigraphic sequence (see Kraus 1987).  In this regard genetic stratigraphy of alluvial 

sequences departs from the use of transgressive surfaces in high-resolution genetic stratigraphy 

of marine glacio-eustatic cycles (Busch and West 1987; Rollins et al. 1989).  In the latter situation, 

the transgressive surfaces may be more geologically “instantaneous”  and are allogenic because 

of the interconnected physical “forcing” of sea level change and the “shallowing upward units 

formed as a result of minor rises of sea level punctuating longer period of sea level stasis during 

which aggradation (and progradation) occurs gradually” (Busch and West 1987:). 

In genetic stratigraphy of alluvial sequences the paleosol proper is the basic genetic unit, but 

even these buried soil horizons may reflect varying durations of accumulation (i.e. variable 

temporal stability) ranging from hundreds of years in humid regions (Scully and Arnold 1971, 

1981) to tens of thousands of years under more arid conditions (Kraus and Brown, 1986).  

Radioactive dates approximately bracketing the buried cumulic A-horizons at sites along the 

Upper Ohio, Allegheny, Upper Delaware and Susquehanna River valleys provide a time of 

accumulation of about 250 years, consistent with pedogenic rates in humid regions of the 

northeast U. S. (Scully and Arnold 1979, 1981). 

(3.) Initial Assumption of Allogenicity: 

Genetic stratigraphy depends upon the initial assumption of allogenicity.  Operationally, one 

must “expect” to detect and trace buried A-horizons among all sections.  In practice, of course, 

individual sections may not contain specific A-horizons.  This reflects autogenic (local) influence, 

which, in the case of alluvial sequences may be a result of: 

(3a)  local erosion or revilement along stream channels; 

(3b) tributary order (1st and 2nd order tributaries may not have been present during 

formation of some older paleosols associated with stretches along the main stream).  These 

would include those smaller consequent, insequent, or subsequent streams which have a direct 

confluence with either the main river channel or one of its major tributaries; 

(3c) position within the alluvial “landscape”, frequent flooding, active lateral channel 

migration and rapid overbanking may not provide the temporal stability for the formation of an 

A-horizon proximal to the stream channel, whereas one may have accumulated on a slightly 

higher, less frequently flooded, terrace (Figures 8 and 9).  For example, many of the major rivers 



187 

 

in Pennsylvania exhibit a low-lying (less than 2m above the present channel) discontinuous late 

Holocene age terrace (designated T0) which is comprised entirely of coarse-grained flood 

deposits or incipient A horizons inter fingered with stacked C-horizons.  The frequency and 

degree of overbanking and active channel migration precludes the development and 

preservation of buried solas.  Conversely, as noted by Vento and Rollins (1989:8) and Vento et al. 

(2008), “The absence of any multiple allogenic genetic surfaces (paleosols) on …stable, higher, 

older terraces…is an indication that very late Pleistocene and Holocene overbank deposition has 

rarely reached the heights of the higher Binghamton…and Olean…age terraces”.  Limited amounts 

of Holocene alluvium can be found in the Ohio and Delaware River basins on terraces equivalent 

to the persistent Binghamton Sub-age Terrace present along the main stem of the Susquehanna 

River (Peltier 1949).  On occasion, modern large flood events have reached this and higher 

terraces.  The low rates of vertical accretion on these high terraces allows for a compressed 

artifact assemblage with potentially Paleoindian through Late Woodland artifacts occurring with 

the upper part of the sola (Ap/Bw). 

 

Figure 8.  Schematic cross-section showing paleosol development on a Late Wisconsin Terrace (taken from Vento, Rollins, 

Vega et al. 2008). 

In virtually all examined stratigraphic sections, the highly time-averaged and condensed 

mature A-horizons (A/Ap horizon) present on these higher (often outwash) terraces have great 

allogenic “reach” but exhibit very limited chronostratigraphic resolution.  Decreasing 

allogenicity, however, accompanies buried A-horizons on the lower aggrading terraces (Port 

Huron and Valley Heads), but these genetic units are nevertheless correlatable across drainage 

divides within a given drainage basin (Figure 6), as well as between drainage basins (Figures 7). 

Figure 8 is a genetic soil stratigraphic cross section showing correlation of horizons at deeply 

stratified sites across trunk streams within the Ohio, Susquehanna and Delaware River valleys 

(Schuldenrein, Vento and Selby 2003). The chronostratigraphic persistence of these genetic units 

has been corroborated by radiocarbon dating, Optical Luminescence dating (OSL), as well as 

temporally diagnostic artifact types. 

(3d) Because of valley morphology and associated stream dynamics, underfit streams 

with V-shaped cross section and poorly developed floodplains rarely display multiple paleosols.  

In the Susquehanna, Ohio, and Delaware drainage basins, the number of buried multiple sola 
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(allogenic genetic units), which may or may not contain in situ archaeological materials, 

correlates directly with the size of the drainage basin and varies with valley morphology (Figure 

9).  Although small first-order consequent streams appear to be associated with no, or only one, 

paleosol, the larger, higher discharge, second- and third-order tributaries are also rarely 

associated with more than one buried sequence.  Discounting historic period alluvium, tributary 

streams tend to be associated with one or two soil sequences, although two or more buried 

sequences are the rule on most reaches of lower terraces along the main stem of the Ohio, 

Allegheny, Delaware and Susquehanna Rivers. 

An interesting observation from these ongoing geological investigations is that the lower 

terrace (Port Huron Sub-age T1 terrace) along the main stem of the Delaware River does not 

generally exhibit a sequence of buried soils as well developed as those encountered along the 

similar reaches of the Allegheny River, upper Ohio River, and upper and central Susquehanna 

River.  The pedogenic immaturity of the buried soils and restricted occurrence of stacked, buried 

cumulic A-horizons in the Upper Delaware River Valley may be a function of: 1) the constricted 

profile along much of the Valley, affecting the magnitude and frequency of overbank events 

and/or  2)  the relatively coarse-grained, quartz-rich sediment load (as compared to the 

Susquehanna River) carried and deposited by the river which does not readily lead to clear 

depositional stratification (fining-upward sequences), and/or (3)  post-depositional diagenesis. 

The lower reaches of both the Delaware and Susquehanna Rivers contain few large or small 

tributaries entering the main channel.  Both also exhibit persistent broad valley profiles 

indicating more efficient flow (greater competence and capacity) and, hence, less likelihood for 

significant flood-scouring of the low terraces or for active channel avulsion. 

The presence or absence of buried soils along a given section of a river is, partly, a function 

of: (1) valley size and shape, (2) the potential for back-flooding and rapid vertical accretion, such 

as that which occurs at stream confluences, and (3) stream velocity, as controlled by channel size 

and shape, rate of discharge, and gradient development (Figure 9).  This leads to the following 

generalizations: 

(1) All small, first-order tributaries are actively downcutting and eroding headwardly, 

adjusting toward temporary base level and grade. 

(2) Low-order streams are less likely than higher-order streams to migrate laterally or 

aggrade their valleys.  These smaller streams typically exhibit low discharges, steep gradients, 

and bedrock-defended channels.  Because of their hydrology and thin alluvial soil packages, small 

tributary streams are less likely to contain artifact-bearing buried soil horizons (Figure 9).  In 

addition, small streams have been more affected by historic deforestation and urbanization than 

have larger drainage channels. 

(3) The V-shaped valley form, steep gradient, and accompanying smaller floodplains of 

first-order streams promote rapid scouring by large flood events of any previously emplaced 

overbank deposits.  In addition to the effects of historic deforestation which favored channel 

migration and flood scouring, the Little Ice Age (700 BP. to 150 BP.) allowed for increased flood 

frequency during much of the year, due to higher effective precipitation from rainfall and 

snowmelt and less evapotranspiration. 
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(4)  Multiple buried soils tend to be preserved along large fourth- and fifth-order streams 

in the region, in part because these streams have essentially been fixed in their present channels 

since the end of the Younger Dryas (circa. 10,100 BP.). 

   

 

Figure 9.  Schematic showing relationship of stream order to the age and number of soil generations (taken from Vento, 

Rollins, Vega et al. 2008) 
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 (5)  If we ignore the effects of base level, isostasy and tectonism, changes in climate, and 

the expansion (headward erosion) in the number of tributaries carrying increased sediment load 

to major drainage lines become the more obvious controls on the phases of Holocene aggradation 

and alluviation along the major rivers in the region.  Interpretation of isostatic effects on streams, 

especially those well south of the glaciated area, is confounded by difficulty determining what 

part of the terrace riser is related to climate or changes in base level, and what part of the terrace 

scarp or riser is relate to isostatic uplift or epierogeny.  Furthermore, the relaxation rate is rapid 

initially, but decreases with time as well as with distance from the ice margin.  This is analogous 

to a compound fault scarp where it is difficult to determine what part of the fault scarp is directly 

related to faulting versus what portion is due to post-fault erosion along the fault line. 

(6)  The pattern of paleosol occurrence and the record of climate change in the 

Susquehanna, Ohio and Delaware drainage basins indicate that allogenic genetic units (paleosols) 

are more easily preserved and traceable along the higher, better-drained levee or bank-edge 

areas of the floodplains and along reaches of straight channel between rapidly accreting point 

bars.  Predictably, the autogenic effects of rapidly accreting point bars often prevent the 

development of A-horizons, although cryptic immature paleosols might be discernible.  This is 

especially true along first- through third-order streams in the basin.  Farther from the actual 

channel, the thickness of the overbank deposits decreases as does the number of buried soil 

generations (Figure 9).  This is the result of decreased sedimentation rates away from the active 

channel.  For example, a time line on the levee along the T1 terrace of the Delaware and 

Susquehanna Rivers, at a depth of 3 m below ground surface may be only 50 cm below ground 

surface at a distance of 50 m from the levee.  Furthermore, as one moves away from the active 

river channel, the buried cumulic A -horizons will typically rise to intersect the present ground 

surface, or pinch out (Figures 9 and 10).  Interestingly, this was noted at the Gould Island Site 

(36Lu90) on the North Branch Susquehanna River and along French Creek at the Wilson Shute 

Bridge (36Cw170) (Figure 11).  On the high central portion of the island, a buried cumulic A-

horizon containing Owasco artifacts was identified approximately 50 cm below ground surface.  

On the distal edge of the island the Owasco materials were identified in a poorly developed B 

horizon at a depth of 3.5 m below ground surface, documenting high rates of sedimentation on 

the lower aggrading margin of the island. 

Buried paleosols on low terraces (Port Huron and/or Valley Heads) near bank-edge and 

levees within the Susquehanna, Ohio and Delaware drainage document intervals of 

terrace/floodplain stability, punctuated by episodes of overbank discharge and channel avulsion.  

The presence of each cumulic A-horizon attests to at least hundreds of years of fluvial stability 

(little overbank deposition) under probably warm and moist climatic conditions.  These warm-

moist intervals, which are controlled by changes in atmospheric circulation, include the early 

Archaic, terminal Atlantic (Archaic), Sub-Atlantic (late Broadspear Tradition, Early and Middle 

Woodland) and Neo-Atlantic (Clemson Island-Oswaco) climatic episodes of the Holocene 

(Figures 1 and 4).   

It would appear useful, at this time, to formally name the paleosols that date to the Neo-

Atlantic (1100 BP. to 750 BP.), Sub-Atlantic (3000 BP. to 1900 BP.), terminal Atlantic (4500 BP. 

to 6000 BP.), Boreal (circa 8000 BP.), and Pre-Boreal (10,000 BP. to 11,000 BP.) as the Owasco, 

Fox Creek/Orient, upper Atlantic I, Boreal I and Post Younger Dryas paleosols, respectively. 
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Figure 10.  Terrace evolution along the Allegheny River, Pennsylvania. 

Frequently, the allogenic A-horizons are stratigraphically separated by cambic B-horizons, 

poorly developed argillic B-horizons, and/or coarse-grained flood depots (C-horizons-autogenic 

units) of varying thicknesses.  These texturally variable B and C-horizons reflect changes in flood 

intensity and valley bottom stability during principally cool/moist and warm/dry intervals of the 

Holocene (Figure 1).  Such variable paleoclimatic conditions may have affected vegetational cover 

and led to increased rates of surface runoff, mass-wasting and to more frequent floods, favoring 

vertical accretion.  This would have inhibited A-horizon development.  These more rapid or 

continuous rates of terrace or floodplain aggradation (thick B-horizons) appear to correlate with 

the Boreal/Atlantic (Archaic), Sub-Boreal (late Archaic-Broadspear), Scandic (post-Fox Creek 

and pre-Owasco/Clemson Island materials), and Pacific (McFate, Quiggle, Shenks Ferry) 

paleoclimatic intervals of the Holocene. 

(4.) A and B Horizons in Alluvial Sequences: 

Stacked A and B horizons (i.e., multiple soil generations) on aggrading terraces afford 

different opportunities to archaeologists.  The frequently thick early to middle Holocene age 

cambic B horizons often encountered on terraces provide surfaces which were available for 

human occupation for shorter intervals of time.  The slow but constant aggradation and 

thickening of the profile enhances vertical separation of temporally distinct occupations 

(Schuldenrein, Vento and Selby 2003).  Such sites as Shawnee Minisink (36Mr43) on the 

Delaware, Leetsdale (36A1480) and Point State Park (36Al581) on the Ohio and City Island 
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(36Da12) and Memorial Park (36Cn164) on the Susquehanna River have thick moderately well-

developed B horizons dating from early Archaic through Middle Archaic times (Figure 11).  A-

horizons, on the other hand, reflect greater landform stability and were exposed to human 

occupation for decades or centuries, and therefore are more likely to contain mixed multiple 

occupations.  Horizontal patterning of artifacts and features may in some cases be meaningless 

because of overlapping (palimpsested) occupations.  Although B-horizons may contain fewer 

artifacts and features per level, they are more likely to represent single occupations. 

 

Figure 11.  Dansgaard-Oeschger (DO) Cycles (Wanner et al., 2008) 

(5.) Floating Sections and Use of Marker Horizons: 

Stratigraphic sections are compared by tracing and matching genetic units.  In alluvial 

sequences this involves correlating stacked A-horizons, wherever possible.  Relative 

stratigraphic thicknesses play little or no role in the process of “floating” stratigraphic sections.  

However, “marker horizons”, in the broadest sense, play an essential role in establishing a 

pedostratigraphic or chronostratigraphic framework. 

Stratigraphic Disconformities over the Last 12,000 Years 

Over the last 12,000 years there have been at least five major stratigraphic discontinuities or 

erosional disconformities that appear in the alluvial stratigraphic record.  Most of these 

disconformity events are identifiable along major drainage lines because of the extended time 

span of that alluvial record, but the more recent disconformities are clearly discernible even 

along the smaller internal and external drainage links and have extensive geographic reach 

across the region. 

The first and earliest disconformable event was the one connected with the Younger Dryas 

cold interval (10,100 BP)- a time of increased precipitation promoting high flow velocities, 

extensive flood scouring and active lateral channel migration along all drainage lines in the 
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region.  The paucity or absence of Bolling-Allerod vertical accretion deposits along low terraces 

was largely due to erosional removal during the Younger Dryas.  Most of the identifiable 

Paleoindian sites which have stratigraphic integrity occur immediately on or just above the 

Younger Dryas lateral accretion deposits.  To date, only the Shawnee Mininsink site on the main 

stem of the upper Delaware River contains a thick (>2m) package of vertical accretion deposits 

which predates the Younger Dryas interval. 

The second and nearly as widespread disconformity is associated with the warm and dry 

conditions of the Sub-Boreal climate phase (4200 BP. to 3000 BP.).  Recorded pedostratigraphic 

evidence of this event varies, based upon stream maturity, drainage basin size, valley morphology 

and channel dynamics.  For example, along smaller first-order and second-order streams the 

warm and dry conditions were sufficient to remove, if present, any earlier Holocene age valley 

fills.  Along these drainage lines this interval was marked by active lateral channel migration and 

associated deposits comprise the basal sequence encountered along the valley bottom zone.  

Along the larger drainage lines in the region, the Sub-Boreal was marked by slow but continuous 

vertical accretion permitting development of a cambic B-horizon.  On occasion these thickening 

profiles were truncated or scoured by large cyclonically induced flood events that penetrated into 

Pennsylvania with the continuing ablation of the Wisconsin ice sheets. 

Probably least well-expressed in the alluvial stratigraphic record is the disconformity 

associated with the Scandic climatic phase (1900 BP. to 1100 BP.) which is stratigraphically 

positioned between the warm and moist record of the earlier Sub-Atlantic and the later Neo-

Atlantic climate phases.  The colder and wetter conditions of the Scandic climatic interval 

encouraged increased flood frequency and magnitude.  In places, this led to erosional removal of 

the cumulic A-horizon that is often associated with the Sub-Atlantic interval.  The Scandic 

disconformity is best expressed along major aggrading streams (e.g., Susquehanna, Ohio, 

Allegheny and Delaware Rivers). 

The Little Ice Age (circa 700 BP. to 150 BP.) is associated with cold and wet conditions that 

favored lateral channel migration and flood scouring along most drainage lines in the region.  

Along small external links (first-order streams and rills) the flood intensity during the Little Ice 

Age was sufficient to remove earlier late Holocene deposits such that the entire profile along the 

flood plains of these small drainage lines is often less than 700 years in age.  Along larger drainage 

lines, this cold and wet period led to the termination and subsequent burial of the cumulic A-

horizon which was formed during the previous warm and moist Neo-Atlantic climate phase.  

Record of the Little Ice Age interval can be observed in many profiles by a coarsening upward 

sediment sequence overlying finer-grained sediments (Figure 5). 

The final (latest) disconformity is associated with historic deforestation of the region during 

the late 18th through mid-19th centuries, and subsequent urbanization along many of the large 

drainage lines (Figure 1).  There is little doubt that smaller streams in the region were more 

affected by historic deforestation, urbanization (impervious cover and sewer systems), and the 

construction of numerous small dams and mill ponds than larger drainage lines and have 

therefore removed in places earlier late to middle Holocene valley fills.  However, even along 

large streams like the Ohio, Susquehanna and Delaware Rivers, there is typically a surface 

horizon comprised of a thick (but variable) package of somewhat coarse-grained sediments 
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overlying earlier late Holocene deposits.  These coarser vertical accretion deposits reflect the 

effects of deforestation that permitted higher sediment yields to streams and higher rates of 

surface runoff with higher flow velocities (Figure 10). 

Paleoclimatology and Paleoenvironments 

We present next a paleoenvironmental reconstruction of the region extending from just 

before the Last Glacial Maximum (LGM) to the present, in sufficient detail that the history of 

environmental and climatic change can be tied to geomorphological and cultural events.  We 

realize that such a synthesis is limited by the paucity of information on centennial and decadal 

climate change in the region.  Our focus is on the Late Pleistocene and the Holocene epochs, as 

this is the time interval coinciding with the appearance of human societies in the region. 

Pleistocene to Holocene Transition 

Long-term climatic changes, such as those related to the shift from the last glacial interval to 

the Holocene, have been directly correlated to perturbations in the earth’s orbit, axis, and wobble 

- the so-called Milankovitch cycles (Rohli and Vega 2014), which affect the amount of solar 

radiation reaching the earth’s surface.  For late Quaternary climates, the 100,000 year orbital 

variation cycle, the 23,000- and 19,000-year precession cycles and the 41,000-year obliquity 

cycles are particularly important (see Grootes and Stuiver 1997).  Marine records indicate a shift 

from cold dry conditions during the LGM to warmer conditions beginning approximately 17,000 

BP. (Leyden 1985; Lowell et al. 1995; Thompson et al. 1995; Wright et al. 2005). 

By 10,000 BP. the earth’s axial tilt maximized while the precession cycle placed perihelion on 

June 24 (Ruddiman, 2001).  Shorter-term climatic cycles on millennial scales of about 1540 years 

(Dansgaard-Oeschger [D/O)] cycles; Figure 12) and about 1500 years (Bond cycles; Figure 12) 

have also been recognized in proxy records from ice cores and from cores taken from the ocean 

and larger continental lakes (Ruddiman 2001).  Bond cycles refer to quasi-periodic Holocene 

climatic cycles but as yet it is unclear how these shorter-term cycles may relate to the celestial 

mechanics and feedback cycles that drive the longer cycles.  There is some indication that they 

are primarily caused by variation in solar output (e.g. Denton and Karlen 1973; Finkel and 

Nishiisumi 1997; Bjorck et al. 2001; Bond et al. 2001; Neff et al. 2001; Ruddiman 2001; Kodera 

2002; Rahmstorf 2003). 

There are a number of posited explanations and currently no consensus regarding the cause 

of these shorter cycles, particularly the D/O cycles (e.g., Rind and Overpeck 1993; McIntyre and 

Molfino 1996; Clark et al. 1999; Keeling and Whorf 2000; Clement et al. 2001; Broecker, 2003).  

Some large-scale climate changes correlate with stochastic events such as volcanic eruptions and 

catastrophic floodwater outflows and tend to either enhance or dampen the expression of the 

solar-based climatic cycles (Magny and Begeot 2004).  Three such events, related to the sudden 

collapse of proglacial Lake Agassiz, occurred ~10.9, ~9.9, and ~7.7 14C ka (~12.85, ~11.3, and 

~8.4 cal ka), and fed large quantities of cold, fresh water into the North Atlantic, temporarily 

shutting down the ocean conveyor system that largely structures Northern Hemisphere climates.  

This dramatically enhanced the scale of D/O cycles at these times (Teller, et al, 2002). A number 

of other similar floodwater events occurred throughout the early Holocene, but were of smaller 

scale with reduced impacts on climate. 
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Figure 12.  Bond Cycles (Bond et al., 2001) 

Regardless of cause it is becoming increasingly clear that the transitions between the steady-

state conditions that characterize these millennial-scale cycles are relatively abrupt, often 

occurring on the order of a decade or less, and certainly within the lifetime of an individual 

(Schulz and Paul 2002; Willard et al. 2007).  In the North Atlantic, and apparently throughout the 

Northern Hemisphere (Sirocko et al. 1996; Wilkins and Currey 1997; Ding et al. 1998; Schulz et 

al. 1998; Bianchi and McCave 1999; Grafenstein et al. 1999; Brown et al. 2000; Leuschner and 

Sirocko 2000; Courty and Vallverdu 2001; Norenet al. 2002; Benson et al. 2003; Burns et al. 2003; 

Gupta et al, 2003; Wang et al. 2003), the D/O and Bond cycles are synchronous and take a 

characteristic form (Alley 1998).  Although they range in duration from 1000 to 2000 years, they 

average about 1500 years long (more precisely, ~1470 years [Rahmstorf 2003]), and are 

initiated by a rapid rise in temperature in a matter of decades (5-8 degrees C during the glacial 

period and 1-3 degrees C during the Holocene), with a gradual return to moderate conditions 

over the course of ~1000 years, ending with a rapid return to very cold temperature prior to the 

start of a warming event and the initiation of a new cycle.  Currently, nine cycles have been 

recognized in the detailed core records spanning the last 12,000 years (e.g. Bond et al. 1997; 

Ruddiman 2001) (Figure 11 and 12). 

Although it is becoming evident that environmental change in eastern North America is 

correlated with millennial-scale cycles present in the ice core records (e.g. Willard et al. 2005), 

all nine of the Holocene cycles have yet to be recognized at local scales.  Other, even shorter, 

climatic cycles, such as those associated with the El Nino-Southern Oscillation (Robell et al. 1999; 

Moy et al. 2002; Goman and Leigh 2004) and the North Atlantic Oscillation (and associated 

fluctuations in the Bermuda High [Gamble and Meentemeyer 1997; Vega 1998; Goman and Leigh 

2004; Willard et al. 2007]) range in duration from a few decades to several centuries and are also 

evident in a variety of proxy records. They may also relate to variation in solar output (e.g. 

Grafenstein et al. 1999; Chapman and Shackleton 2000; Clement et al. 2001; Berger and von Rad 

2002; Kunzendorf and Larsen 2002; Menking and Anderson 2003; Takahashi et al. 2003; Gagan 

et al. 2004).  Unfortunately, these shorter cycles are within the range of variation of most 
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radiocarbon dates, making records of these events difficult to correlate with one another or with 

environmental and archaeological changes. 

The chronology or the more complete and well-controlled North Atlantic core records may 

eventually be used in defining cycles of environmental change in the eastern U.S., although there 

are currently chronological differences of 50 years, or less, between the marine and the ice core 

records, due to depositional discontinuities and differences in chronological techniques (Stapor 

et al. 1991).  Significantly, perhaps, there appears to be a lag in the response of vegetational 

communities to the climate change events that are recorded in the North Atlantic records (Viau 

et al. 2002).  The disparate response times are short, consistently less than 200 years and often 

less than 100 years (Williams et al. 2002). This suggests that there may be similar consistent 

disparities between the North Atlantic core records and the alluvial records, or it may indicate a 

delay in vegetational zone response to climate change.  For this reason, and also because the 

stratigraphic sequence does not yet afford sufficient resolution to identify all the millennial-scale 

cycles evident in the core records, we here employ the Blytt-Sernander climatic sequence (Cronin 

et al. 2000; Davis et al. 1994, 1998; Grimm and Jacobson 1992; Harrison et al. 2003; Hu, et al. 

1999; Jackson and Whitehead 1991) to order Holocene environmental change in eastern North 

America (Figure 1). 

Currently, two models of chronostratigraphy are commonly used in Pennsylvania - the Blytt-

Sernander model and the Pollen Zone model.  The Blytt-Sernander model was developed during 

the study of Danish peat bog formation in the late 19th and early 20th Centuries (Blytt 1876; 

Sernander 1908).  The Pollen Zone model was developed in New England during the first half of 

the 20th Century (Deevey 1939; Davis 1965).  Both models subdivide the late Pleistocene and 

Holocene into a series of chronozones of varying duration (Figure 1).  The Blytt-Sernander 

system uses names that indicate the dominant climatic conditions in Northern Europe (e.g., 

Boreal and Atlantic), the chronostratigraphic system for New England is subdivided on dominant 

types of pollen found in the strata.  From oldest to youngest, these include the Herb (Zone T); 

Spruce (Zone A-1 to A-4); Boreal (Zone B), Oak and Hemlock (C-1), Oak and Hickory (C-2); and 

Oak and Chestnut (C-3) pollen zones (Deevey 1939; Davis 1965:386-397).  Pollen Zone C-3 has 

subsequently been subdivided into two parts (C-3a and C-3b), and Zone C-3b refers to a later 

(upper) portion that contains more spruce and pine pollen (Figure 1). 

As portrayed in Figure 1, there are strong similarities between the Blytt-Sernander and 

Pollen Zone chronostratigraphic systems.  Although developed for northern Europe, the climatic 

sequences described in the Blytt-Sernander model have been used effectively to interpret trends 

in climate change and alluvial deposition along major stream in Pennsylvania (Vento and Rollins 

1989; Vento et al. 1992; Vento et al. 2008), and the model is commonly referred to by 

archaeologists working in and around Pennsylvania (e.g., Carr 1998a; 1989b; Coppock 2009a; 

2009b; Raber et al. 2004; Wall et al. 2003). 

Thus, our discussion of regional paleoenvironments is organized according to the Blytt-

Sernander chronozones, cross-referenced with the appropriate New England Pollen Zone 

designation (Figure 1).  Individual climatic episodes include the Bolling-Allerod interstadial, 

Younger Dryas, the Pre-Boreal, the Boreal, the Atlantic, the Sub-Boreal, the Sub-Atlantic, Scandic, 
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Neo-Atlantic, Pacific, and the Little Ice Age.  Much of the following discussion is taken or adapted 

from Coppock et al. (2011) and from Miller et al. (2007). 

The Quaternary Period of the Cenozoic Era began approximately 1.8 million years ago with 

the onset of a glacial phase embedded within the larger Ice Age, which began during the Tertiary 

Period, 65 million years ago.  The Quaternary Period is divided into two distinct Epochs - the 

Pleistocene and the Holocene (Recent) (Figure 1).   Although there is much discussion regarding 

its lower boundary, in the last few years that portion of the Quaternary impacted by human 

activity is frequently designated as the Anthropocene.  

The Pleistocene is subdivided into four major ice advances - the Nebraskan, Kansan, Illinoian, 

and Wisconsin, which are separated by warmer interglacial phases known as the Aftonian, 

Yarmouthian, and Sangamon.  The Sangamon ended approximately 100,000 BP. with the terminal 

Wisconsin ice advance. 

The Pleistocene Epoch peaked approximately 18,000 years ago when permanent ice covered 

most of North America north of the Ohio River and extended across the pole covering much of 

Europe and Asia.  This glacial maximum (Figure 13) is termed the Wisconsin Glacial Phase in 

North America, the Weichselian in Western Europe and the Wurm in the Alps (Crowley and North 

1991).  The Wisconsin was characterized by cold temperatures, expanding continental ice sheets, 

and subsequent sea level change.  According to Willard, et al. (2007), temperatures during the 

Wisconsin peak were approximately 3-4 degrees C cooler than present with eustatic sea level as 

much as 120 m to 170 m below present level.  This exposed large sections of the continental 

shelves and extended the coastline up to 200 km from present (Willard et al. 2007).  

The Wisconsin phase ended with significant shrinking and collapse of the Laurentide ice 

sheet beginning about 16,000 BP., resulting in reorganization of atmospheric circulation patterns 

(Knox 1993; 2000; Foreman et al. 1995; Leigh and Feeney 1995; Dwyer et al. 1996; Noren et al. 

2002) due to changes in energy from a wide array of climatic forcing (Berger 1978; Robell et al. 

1999; Bard 2002, 2003; Moy et al. 2002).  

Surprisingly, seasonal insolation levels approximated those of the present (Ruddiman, 2001).  

However, lower summer insolation levels led to glacial expansion, peaking between 21,000 and 

17,000 BP.  At that time the North American ice sheets, the Laurentide in the east and the 

Cordilleran in the western mountains, were the largest on Earth. 

The Last Glacial Maximum (22,000-14,000 BP. 

Depending on geographic location, the Last Glacial Maximum (LGM) occurred between 

22,000 and 14,000 BP. (Crowley and North 1991; Taylor et al. 1997; Jackson et al. 2000; Goman 

and Leigh 2004; Mayewski et al. 2004; Willard et al. 2007; Wanner et al. 2008; LaMoreaux et al. 

2009).  For practical purposes, we can assume that the LGM occurred approximately 18,000 BP 

(Figure 14) in North America.  A variety of techniques have been used to reconstruct the 

paleoclimatic history of this time period.  The most extensive reconstruction was the CLIMAP 

project (Climate/Long Range Investigation, Mapping and Prediction) which utilized glacial 

moraine analyses, pollen analyses, analyses of lake levels, varves, records of biogenic and non-

biogenic deep sea sediments, ice cores, and a wide range of dating techniques including extensive 

analyses of C14 (Crowley and North 1991). 
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Figure 13.  Glacial Boundary and Jet-Stream Path changes from the Ice Sheet’s Maximum through the Present 
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Figure 14.  Temperature variations over the past 20,000 Years 

As our focus is on North America, our discussion of paleoenvironments centers on the 

Laurentide ice sheet.  This ice sheet was the most extensive in North America and its thickness 

varied between 3500 and 4000 meters.  The weight of the ice sheet depressed the continental 

crust as much as 700-800 meters.  Measurable isostatic rebound, as much as 9 mm per year in 

Hudson Bay, is still ongoing in many locations as a result of deglaciation. 

During the LGM, major circulation patterns were radically altered.  The ice sheet caused 

extensive expansion and strengthening of the circumpolar vortex in the Northern Hemisphere 

(Mayewski, et al. 2004).  This led to an equator-ward offset of the atmospheric and oceanic polar 

fronts, and considerable equator-ward extension of the “D” and “C” climatic types (Koppen 

climate classification) throughout North America (Rohli and Vega, 2014).  The present day 

position of the oceanic front in the North Atlantic occurs as high as 78 degrees N latitude (as a 

result of the Gulf Stream).  During the glacial maximum, the oceanic front had an average position 

of about 45 degrees N latitude.  Furthermore, the average position of the atmospheric mean polar 

front (jet stream) was approximately 1200 km south of present location, extending to 34 degrees 

N, very near the Gulf Coast of the U.S.  The combined effect of the polar front displacements and 

circumpolar vortex expansion was a mean reduction in average air temperatures of about 10 

degrees C near the ice margin.  Proxy evidence indicates that mean temperature changes were 

most severe during the cool season rather than during the warm season.  Winters in Tennessee, 



 

200 

 

for example, were approximately 15-20 degrees C cooler than present (Crowley and North 1991) 

leading to widespread differences in flora and fauna, compared to the present.  In North America 

tundra consisted of a relatively thin strip adjacent to the Laurentide ice sheet.  This meant that 

the spruce-pine boreal forest was restricted, compared to that of Europe at the time, or to the 

present (Crowley and North 1991).  

As a result of the ice advances, drainage systems were altered in western Pennsylvania.  Pre-

glacially, drainage was through the Upper and Middle Allegheny Rivers into the Lake Erie Basin 

and to the south into the Monongahela-Beaver River system.  Because of glaciation, some of the 

northern valleys were infilled with glacial deposits but others were diverted southward to form 

the present-day Ohio River. 

The presence of the ice sheet dramatically affected the North American mean atmospheric 

circulation.  Present-day circulation features generally light mean winds from the southwest.  

Glacial maximum winds were primarily from the northwest and with average velocity 

approximately 50-80% above present (Crowley and North 1991). This positioned most of North 

America in very cold and dry conditions, as the bulk of the continent lay poleward of the mean 

polar front.  Further, the stronger air speeds and different direction had a dramatic effect on 

oceanic circulation, upwelling, and sea ice formation.  For example, sea surface temperatures 

were approximately 6-10 degrees C lower than present for the North Atlantic.  These features 

combined to force circumpolar vortex expansion into a positive oceanic/atmospheric feedback 

loop. 

During the late Wisconsin, periglacial landscapes formed adjacent to the Laurentide ice sheet 

edge and extended throughout northwestern and central Pennsylvania and into New York State 

(Ciolkosz et al. 1986).  In fact, most of the landforms lying outside the glacial boundary in 

Pennsylvania reflect periglacial climatic conditions.  These include the large in-situ and float-

block rock shelters along the Allegheny and Clarion Rivers, the shale chip rubble terraces and 

rock strewn lower valley slopes in the and the boulder rock fields (felsemeers) which cap the 

ridges underlain by the Silurian Tuscarora Sandstone and the Devonian Oriskany Sandstone in 

the Valley and Ridge Province. 

Periglacial landscapes form near the edge of glacial areas typically form from the freezing and 

thawing of water over time (Gardner et al. 1991).  Areas that are subjected to intense freeze/thaw 

cycles (both seasonal and over time through climatic fluctuations) produce distinctive terrain 

and landscape features as products of weathering and erosion (Gardner et al. 1991).  Such 

features include unsorted irregular mixed deposits resulting from a combination of ice wedging, 

solifluction, gelifluction, frost creep, rockfalls, and slides. 

In order for periglacial environments to form, mean annual air temperatures of less than 0 

degrees C are required.  This permits the development of permafrost and other periglacial 

features (Carson and Kirby 1972; Washburn 1976; Washburn 1980; Pewe, 1983).  Solifluction 

and gelifluction require mass wasting of material during warm months (Benedict 1976).  During 

such times, topsoil thaws and becomes waterlogged over the subsurface permafrost.  

Unconsolidated materials may move significant distances, even on the shallowest of slopes.  U-

shaped lobes of materials, patterned ground landscapes of stone circles, polygons, and/or stone 

stripes form through this process, in combination with frost heaving.  Other features include 
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block fields and rock streams in which large angular blocks form through repeated freeze/thaw 

action and frost wedging, and these are common features along the mountain tops and slopes 

where the Silurian Tuscarora Sandstone crops out in the Valley and Ridge physiographic 

province.  These features demonstrate the vastly altered climate of the LGM. 

During the late Wisconsin, the dynamic response of hill slopes to the extremes of seasonal 

climates resulted in the deposition and post-depositional modifications of locally extensive slope 

strata (Gardner et al. 1991).  Incipient orientation and grain size stratification is discernible in 

these deposits associated with valley side slopes (French 1976; Washburn 1980, van Steijn et al. 

1984, Clark 1988). 

According to Watts (1979), landscapes within 65 km of the maximum glacial limit consisted 

of tundra, dominated by boreal forest and jack pine forest ecotones.  Pollen assemblages from 

late glacial deposits in the eastern United States contain large quantities (up to 40%) of sedge, 

indicating tundra environments (Bartlein et al. 1984; Davis et al. 1975; Delcourt 1979; King 

1980).  Microbotanical data from a number of locations in Pennsylvania provide insight into the 

floral community of this area during the late Pleistocene.  These include Rose Lake in Potter 

County, Kings Gap Pond #1, and Crider’s Pond in Cumberland County, Longswamp in Berks 

County, and Tannersville Bog in Monroe County.  At Longswamp, immediately south of the late 

Wisconsin ice front, tundra vegetation with grasses, ericaceous shrubs and dwarf birch were 

present, suggesting a cold, dry, and windy environment (Watts 1979).  Similar vegetation, with 

no evidence of spruce [“generally perceived to be one of the first arboreal plants to colonize 

deglaciated regions” (McWeeney and Kellogg 2001: 193)] or other trees, occurred at Kings Gap 

Pond #1, located along the northern edge of South Mountain in Cumberland County, between 

16,080 BP. and 14,410 BP. (Delano et al. 2002).  However, evidence of a contemporaneous non-

tundra, spruce forest occurs at Crider’s Pond, Cumberland County, in a similar setting, ca. 28 km 

to the southwest, in sediments as old as 15,000 BP. (Watts 1979).  Pollen cores from Crider’s Pond 

indicate that this area, more than 145 km south of the glacial boundary, was dominated by spruce 

(Picea sp.), dwarf birch (Betula glandulosa), and various herbs between 15,000 BP. and 13,000 

BP. (Watts 1979). 

Near the end of the Pleistocene, between 13,000 BP. and 9000 BP. (Watts 1983: 179), at 

Tannersville Bog, the demise of sedge, aspen (Populus tremuloides), and green alder (Alnus 

crispa), is followed by spruce (Picea sp.), fir (Albies sp.), jack pine (Pinus banksiana), gray birch 

(Betula populifolia), and pitch pine (Pinus rigida).  At 12,000 BP., spruce woodland replaced 

tundra in western Maryland, western and central New York, and southern New England (Davis, 

1983).  The occurrence of spruce over such a wide area indicates both the rapid migratory 

capability of spruce and a climatic amelioration at 12,000 BP. permitting spruce to grow in 

regions where it was previously limited by climate (Davis 1983: 179). 

In addition, investigations at Corry Bog, in northwestern Pennsylvania, by Cotter (1983), 

Cotter and Crowl (1984), and Karrow et al. (1984), indicate that the spruce pollen zone in 

Pennsylvania occurs between 14,250 BP. and 11, 250 BP.  Cotter (1983) and Cotter and Crowl 

(1984) state that the herb pollen zone lasted from 18,500 PB. to 14,250 BP., and that the earliest 

occurrence of the spruce pollen zone at sites near the Woodfordian drift border of Pennsylvania 

was approximately 14,250 BP., rather than 12,600 BP. as suggested by Karrow et al. (1984). 
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The first major deglaciation of the ice sheet occurred between about 14,000-9000 BP., 

coincident with rapid and extreme climatic change.  This deglaciation, which was initiated over a 

very short 200-300 year warming interval (Crowley and North 1991; Taylor et al. 1997), 

triggered massive ablation over the 5,000-year interval and a subsequent rise in sea level. By 

12,000 BP., summer temperatures were about as warm as they are today (Atkinson et al. 1987).  

Remnants of the Laurentide ice sheet persisted until 6000-7000 BP., but the ice sheet was vastly 

reduced in size.  Within this time interval, the most dramatic deglaciation occurred at about 

13,000 BP., associated with the Bolling-Allerod climatic interval. 

The Bolling-Allerod Interstadial (LGM to 11,200 BP.) 

The end of the LGM experienced warming conditions that approximated those of the present 

(Willard et al. 2007).  This interval of increasing temperature is known as the Bolling-Allerod 

interstadial (BA).  This interval lies between the late Pleistocene and the abrupt cold period that 

followed, termed the Younger Dryas.  A short-lived cold interval, the Older Dryas, occurred during 

the middle of the BA (Yu and Eicher 2001). 

With the final retreat of the Wisconsin ice sheets, Holocene climatic conditions that affected 

weather patterns over much of eastern North America were drastically different from those that 

existed during glacial advances.  Climatic forcing during the BA relates to orbital variations 

(Milankovitch cycles) which enhanced mean summer insolation in the Northern Hemisphere 

(Berger 1978; Wanner et al. 2008).  This was at a maximum around 11,000 BP. due to the 

coincidence of precession and obliquity cycles, and lasted until about 9000 BP.  Kutzbach (1983) 

calculated that global radiation was approximately 7% greater than today during this interval.  

The increase in global radiation caused profound changes in the circulatory systems of the 

hemisphere.  Downstream cooling effects occurred in the North Atlantic and Eurasia due to the 

large remnant ice sheet over North America and the influx of cold water into the North Atlantic 

(Wanner et al. 2008).  This affected oceanic circulation as well as the overlying atmosphere. 

As the glacier retreated, temperatures increased and organic soil horizons developed.  Watts 

(1979) suggests that vegetation of this interval may have been a mosaic - stands of spruce, dwarf 

shrubs, and wet meadows would have occupied areas free of permafrost and local areas of tundra 

would have occurred on permanently frozen sites.  This environment would have offered few 

edible plant resources for human populations.  However, large, cold-adapted herbivores, such as 

mastodon, buffalo, and caribou would have been available human prey. 

During this interval, stronger circulation occurred over North America as the climate shifted 

from cold dry conditions to warmer, wetter regimes (Willard et al. 2007).  Such warming also 

promoted a rapid rise in sea level, significantly inundating low elevation global coastlines 

(Parkinson, 1989).  Sea level rise during this interval constituted the most significant global 

physical change of the entire Holocene, reaching about 1 m/100 yrs (Parkinson 1989).  Much of 

the continental shelf was inundated during this time interval.  The effects on the landscape were 

dramatic as coastlines, nearshore regions, and inland areas responded to rising seas. 

Atmospheric circulation strengthened, shifting from predominantly zonal flow during the 

LGM when it was extensively forced by the presence of the Laurentide ice sheet, and concomitant 

expansion of polar climates through the mid-latitudes, to predominantly meridional flow 
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(Foreman et al. 1995; Leigh and Feeney 1995; Dwyer et al. 1996; Knox 2000; Noren et al. 2002; 

Figure 13).  This strengthened the Bermuda high which largely controls moisture advection into 

the southeastern U.S. (Gamble and Meentemeyer 1997; Vega 1998).  During times when there is 

predominantly meridional flow, mean moisture advection increases over the eastern U.S.  This is 

supported by Noren et al. (2002), who show an increase in the frequency of storm-related floods 

in the northeastern U.S. 

Despite warming conditions, the BA was predominantly cold and dry, due to the significant 

but diminishing presence of the Laurentide ice sheet (Otvos 2005; Goman and Leigh 2004).  

Lower latitude regions of North America show increasing wetness over time, as the ice sheet 

retreated triggering a concomitant shift in the mean position of the polar jet stream as well as a 

change in strength and position of the Bermuda High (Liu and Fearn 2000). 

Currently, the Bolling-Allerod dated soils that occur on low terraces have been identified at 

the Shawnee-Minisink site (36Mr43) along the Delaware River and at the Millstone site 

(36El204) along the Clarion River in Elk County.  At the Shawnee-Minisink site, 200 cm of alluvial 

deposits date to the Bolling-Allerod interval.  At the Millstone site, test excavations revealed 160 

cm of soil and sediment resting on former channel lag deposits of late Wisconsin age (Fritz 2011; 

Figure 10).  At that site the upper part of a reddish-brown (7.5 YR) coarse prismatic 2Bw horizon 

had an OSL date of 16,520 +/- 1645 years BP (Beta-288326 and UIC 286).  Sediments within the 

lower portion of the 2Bw horizon yielded an OSL date of 17,750 +/- 1680 years BP (Beta-245308, 

UIC 2862). Although the date ranges are broad, the evidence is sufficient to conclude that 

sediments found at the top of the 2Bw horizon (80 to 85 cm) represent a stable alluvial surface 

during the Bolling-Allerod climate episode. 

At about 13,000 BP., jack pine (Pinus banksiana), balsam fir (Abies balsamea), and speckled 

alder (Alnus rugosa) were present, forming a diverse environment containing both tree and shrub 

species.  Red spruce (Picea rubens) was present by 11,500 BP., with white pine (Pinus strobus) 

appearing shortly thereafter (Watts 1979).  Watts (1979) suggests that mosaic vegetation 

communities of this period would have featured stands of pine, dwarf shrubs, and wet meadows 

in permafrost-free zones.    

The Pleistocene fauna of Pennsylvania can be characterized as a combination of currently 

extinct mega-vertebrates and extant temperate mega-vertebrates, in association with now 

disjunct large and small northern species (Semken 1983: 192).  During the late Pleistocene, the 

development of open grazing lands and boreal forests would have supported a wide array of 

mammals adapted to cool climates (Cleland 1966).  For example, the Marshalls Creek mastodon, 

Newton mammoth, Saltillo mastodon, Pleasant Lake mammoth and Conneaut Lake mammoth all 

date to the BA interval, and suggest a mosaic of open grazing and boreal forests.   Evidence 

suggests that these types of biomes along the glacier’s southern margins were exploited by 

megafauna indigenous to these areas, specifically the woodland musk ox (Ovibos moschatus), 

mastodon and woolly mammoth (Mammut sp.), barren ground caribou (Rangifer tarandus), giant 

beaver (Castoroides sp.), and moose-elk (Cervacles scotti) (Cleland 1966: 91-92; Prufer and Baby 

1963: 55; Ritchie and Funk 1973).  Recent studies at Sheridan Rockshelter in Wyandot County, 

Ohio, note the presence of flat-headed peccary and giant beaver at 11,060 BP. and 10,850 BP., 
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respectively.  The dates for these now extinct fauna overlap the date on Clovis age bone point 

recovered during excavation of the rock shelter (Redmond and Tankersley 2005). 

The Younger Dryas (11,000 BP. - 10,100 BP.) 

The Younger Dryas (YD) (Figure 13), also known as the Nahangan Stadial, the Loch Lomond 

Stadial, or the Greenland Stadial, marked a distinct and significant climatic reversal from the 

previous rapid deglaciation phase (Figures 15 and 16).  The YD was characterized by a rapid 

decrease in temperature which lasted approximately 900 (C14) years.  Pollen analysis shows the 

results of this brief but dramatic temperature plunge as it records an expansion of boreal taxa 

including spruce, fir, larch, paper birch, and alder (Peteet et al. 1990; Kneller and Peteet 1999).  

Ice core data place this 900-year-long interval, which began and ended abruptly, between 11,000 

and 10,100 years ago (Fiedel 1999).  At Alpine Swamp, in northern New Jersey, radiocarbon dates 

place the boreal expansion between 11,000 and 10,000 BP. (Peteet et al. 1990). 

 

Figure 15.  Climatic Periods of the Holocene 

During the YD, the circumpolar vortex expanded toward the equator while strengthening 

significantly and extending boreal conditions equatorward (Ritchie 1979).  This offset 

atmospheric and oceanic circulation regimes that were established during the previous ablation 

period.  The cause of the YD, although debated in the literature, was likely centered on 

atmospheric and oceanic circulation changes induced by cold meltwaters from the retreating 

Laurentide ice sheet.  Before about 11,000 BP. virtually all meltwaters were carried to the Gulf of 

Mexico via the Mississippi River (Marchitto and Wei 1995).  By 11,000 BP. the ice sheet retreated 

to a point where the St. Lawrence River opened allowing the large freshwater lake, Lake Agassiz, 

to drain significant quantities of cold meltwater into the North Atlantic Ocean (Broecker 2006; 

Willard et al. 2007).  This caused an extensive cold low-salinity lens in the North Atlantic which 

significantly altered the oceanic circulation.  This hypothesis is supported by Bond (2005) who 
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showed that major Holocene climatic shifts were accompanied by a 1 - 2-degree C drop in sea 

surface temperatures (SSTs).  These lower SSTs triggered a positive feedback loop that altered 

the overlying atmospheric circulation pattern leading to circumpolar vortex expansion and 

cooling over much of North America and Europe. 

This expansion brought cold, dry air over portions of eastern North America which had 

previously been undergoing significant ecotone changes stemming from a circulation regime that 

supported warmer and increasingly wetter conditions.  Along the major drainage lines in the 

region, the YD was a time of more effective precipitation which favored active lateral channel 

migration and higher stream discharges (Figure 5).  The blocking anticyclone that developed over 

the North Atlantic also resulted in a decrease in the advection of warm moist air into Europe.  

This led to a major drop in temperature and increased aridity over that continent.  Furthermore, 

a cold water lens in the North Atlantic disrupts the formation of North Atlantic Deep Water 

(NADW) which inhibits heat transport (Crowley and North 1991). 

In the Middle Atlantic region, the basal sands and gravels that consistently underlie early 

Holocene age vertical accretion deposits on low terraces date to the Younger Dryas.  The renewed 

activity of rivers during the YD may in part be responsible for the general paucity of recorded 

Pre-Clovis and Clovis sites along low terraces.  In addition, because of the low heights of very late 

Wisconsin and early Holocene terraces above active river channels, many of these sites may have 

been eroded during the YD erosional interval through early Holocene flood events and channel 

migrations. We can conclude that the YD was responsible for a significant erosional disconformity 

in alluvial sequences along major rivers throughout eastern North America (Figure 1).   It is 

interesting to note that Bolling-Allerod paleosols correlated with climate warming have been 

identified along the east coast in association with barrier islands, such as St. Catherines Island, 

Georgia (Vento and Stahlman 2011; Rich et al. 2011) and within segments of the Chesapeake Bay 

and the Delmarva Peninsula.  Again, the absence of these buried cumulic A horizons and B 

horizons dating to the BA on terrace contexts within Pennsylvania likely reflect their removal by 

active lateral channel migration, braided stream activity and flood scouring during the cold and 

dry Younger Dryas interval. 

During the Inter-Allerod-Younger Dryas transition, at 11,000 BP., the climate in the 

northeastern interior deteriorated and experiences broad scale changes in vegetation regimes 

and dynamic temperature fluctuations (Bartlein et al. 1984; Davis 1983).  Although there is no 

evidence of glacial ice advancing into the United States in association with the Younger Dryas 

(11,000 - 10,100 BP.), cold dry climatic conditions and boreal forests were present in 

Pennsylvania during the interval, 10,800 BP. to 10,000 BP. (Wright 1987).  Bernabo and Webb 

(1977) estimate that pollen in southwestern Pennsylvania at 11,000 BP. consisted of about 30% 

spruce, 20% pine, and slightly less than 10% oak and herbs.  Microbotanical remains indicate 

that the terrestrial environment of this region at that time would have contained both boreal and 

deciduous tree species.  Deciduous species would have been initially restricted floodplains and 

other favorable settings before gradually expanding into more diverse environments. 

The Younger Dryas in Pennsylvania is characterized by an expansion of boreal taxa including 

spruce, fir, larch, paper birch, and alder (Peteet et al. 1990; Kneller and Peteet 1999). In contrast, 

the pollen record at Browns Pond in the central Appalachians of Virginia suggests a brief cold 
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reversal at 12,260 BP., possibly correlating with the Older Dryas, identified in Europe.  But, there 

is no evidence of a climatic reversal between 11,000 BP. and 10,100 BP., suggesting that the 

Younger Dryas cooling may not have extended as far south as Virginia (Kneller and Peteet 1999).  

In Pennsylvania there must have been a significant variation in floral communities based upon 

soil type, slope/aspect and topographic position with for example the higher ridges in the Valley 

and Ridge containing a higher percentage of Boreal taxa that the more southerly unglaciated 

sections of the State.  

During the Late Pleistocene, the flora and fauna pattern was a mosaic of rapidly changing 

ecological settings with no modern analogs. According to Carbone (1976), along with the general 

north/south trend in the Late Pleistocene vegetational pattern, there also would have been 

east/west physiographic donation.  Grasslands were most extensive on the Coastal Plain, with an 

addition of conifers in the Piedmont.  According to Carbone (1976), the Valley and Ridge 

physiographic region probably displayed the greatest ecological diversity, the most deciduous 

trees, and the more plentiful human food resources.  Using the terminology of Jochim (1976), the 

food resources along the rivers of the Valley and Ridge section can be described as evenly 

distributed and continuous.  The Appalachian Plateau provided a combination of conifers and 

grasses, with moderately frequent deciduous elements in sheltered riverine settings.  Lepper 

(1989: 244) argues that “a complex deciduous forest, surprisingly modern in character, would 

have been present” on the unglaciated Appalachian Plateau throughout the Paleoindian period, 

suggesting that food resources were at least as plentiful as in the Valley and Ridge.  The glaciated 

Plateau probably contained fewer food resources and, based on Paleoindian site distribution, 

such resources were more dispersed and in upland settings.  Jochim (1976) describes this as a 

patchy distribution of food resources. 

In summary, the Paleoindian environment south of the glaciated zone and the adjacent 

coastal plain contained a mosaic of boreal, deciduous, and arboreal species.  Initially, the 

deciduous trees would have been restricted to the more favorable settings such as lower 

elevation well-drained floodplains, and they would have gradually dispersed from these regions 

as the climate warmed.  The deciduous elements increased to the south and the arboreal species 

increased to the north.  Large mammals, such as deer and elk, would have tracked the mast-

producing deciduous species and were likely more plentiful in the floodplain settings.  In contrast, 

the vegetation of the glaciated Appalachian Plateau was more open in character, and the flora and 

fauna were less diverse (Dirkmaat et al. 1990).  Site distributions in this region suggest that 

upland glacial features, such as bogs and swamps, probably also contained a variety of food 

resources.  However, the floral and faunal components of specific ecological settings are not well 

understood, and more site specific data needs to be collected. 

The YD ended as a new atmospheric/oceanic equilibrium was attained.  Further ice sheet 

ablation eventually permitted contraction of the circumpolar vortex and expansion of the 

Bermuda High.  The poleward shift of these general circulation features caused net poleward 

migration of the polar front (jet) and allowed the advection of warmer, moister air masses to 

penetrate the higher latitudes over eastern North America. 



207 

 

 

Figure 16.  Jet Flow Patterns 

Meridional Jet Flow (+ PNA) Across North America.

Zonal Jet Flow (- PNA) Across North America.

The Reverse PNA (trough to ridge; strongly - PNA) Pattern.
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The Pre-Boreal (10,100-9100 BP.) and Boreal (9100-8000 BP.) 

After the YD, temperatures quickly climbed, reaching, and ultimately surpassing those of the 

BA.  The Pre-Boreal was characterized by warmer and drier climate, overall (Figure 1).  Changes 

in forest composition in the northeast around 10,000 BP confirm that the opening of the Holocene 

was marked by near modern climatic conditions (Carbone, 1976; Davis, 1983) with warmer-

than-present temperatures reflected in the vegetation.  The expansion of white pine, which is an 

excellent temperature and moisture marker, occurred at this time in both upland and lowland 

elevations in the northeast (Davis 1983).  Interestingly, Kutzbach stated that, based upon the 

results of his orbital variation models, the radiation curves for tilt and precession reinforced each 

other and resulted in a 7% increase (over that of present) in July global radiation at 9,000 BP. 

during the Boreal climatic phase.  Graetzer (1986) and Watts (1979) show net decreases in the 

number of low-order streams, low water volumes, decreases in biomass and decreases in the 

height of the water table during this time.  For more southern areas of the United States, Goman 

et al. (2004) found evidence of increased precipitation in North Carolina in the form of a 

significant number of identified large overbank floods (frequency of about 5 major floods per 

1000 years) occurring during this time period.  In contrast, only 6 major floods occurred in the 

study region during the following 6100 years.  Superimposed on the record of generally warming 

temperatures was a brief 150-250 year cooling event known as the Pre-Boreal Oscillation, the 

result of a second flood of Lake Agassiz waters, beginning about 11,355 BP (Fischer et al. 2002). 

During the Boreal, another release of cold fresh water from Lake Agassiz occurred at around 

8200, when approximately 163,000 km3 of freshwater spilled through the Hudson Straits into 

the Labrador Sea (Barber et al. 1999; Mayewski 2004).  This event is thought to have added a 

low-salinity freshwater lens to the North Atlantic, reducing the rate of formation of North Atlantic 

Deep Water (NADW).  In turn, this may have reduced rates of northward heat transport, 

facilitating a short-term climatic shift to cooler temperatures around 8200 BP. in areas of Europe 

and northern North America. 

Evidence of this 8200 BP. event is apparent in several high resolution, well-dated records: 

the Greenland ice cores (Alley et al. 1997; Johnson et al. 2001), speleothems in Ireland (Baldini 

et al. 2002), tree rings and lacustrine sediments in northern and eastern Europe (Klitgaard-

Kristenson et al. 1998; Veski et al. 2004) and the Cariaco Basin sediments (Hughen et al. 1996).  

These records suggest the event lasted 100-200 years, beginning at 8250 BP. (Johnson et al. 

2001).  This event is most evident in Europe and Greenland, although there is some evidence for 

aridity in the tropics (Alley and Agustsdottir 2005; Morrill and Jacobsen 2005). 

Because of the event’s limited duration, there is some debate concerning its effect on climate 

and associated vegetational change.  Some have argued that even a 200 year long event may have 

been adequate at that time to cause environment change, in concert with other mechanisms (e.g. 

solar fluctuations).  As such, it may represent a centennial-scale event causing environmental 

(and vegetational) changes that may have persisted for some time after the termination of the 

event, itself.  Many studies, in particular those of low-resolution, emphasize multi-centennial 

climatic change centered around 8200 BP. (Dean et al. 2002).  Rohling and Palike (2005) however 

argue that the vast majority of high resolution climate proxy records indicate the event started 

at or before 8400 BP. and most imply an age before 8500 BP.  They contend it would be incorrect 

to attribute all climate anomalies to the 8200 BP. event; instead they suggest climatic 
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deterioration between 8500 BP. and 8000 BP is more likely part of a broad pattern of longer-

term anomalies in the Holocene, probably related to solar fluctuations. 

Overall, during this time, hemispheric warming likely triggered a decrease in the latitudinal 

thermal gradient and continental/oceanic contrast as the cold water lens of the Younger Dryas 

diffused.  This would reduce variation in the polar jet stream creating a more zonal mean 

atmospheric flow regime and overall drier conditions during this time (Figures 13-15).  It is likely 

that fewer large magnitude precipitation events occurred, a condition supported by zonal flow 

(Figure 16).  As the region warmed from the colder Younger Dryas, increased vegetational growth 

would have mitigated overbank deposition in concert with the transition to a warmer and 

moister climatic regime.   

These conditions likely extended into the Boreal period (9100-8000 BP.), which marked a 

transitory phase from the Pre-Boreal to the wetter Atlantic period.  Warmer and drier conditions 

would predominate as the atmosphere sought a new equilibrium to shifting latitudinal energy 

gradients.  Such changes would increase the strength of the Bermuda High pressure system, 

inducing significant increase in moisture advection over North America east of the Rocky 

Mountains.  Greater moisture advection leads to not only wetter climatic regimes, but also to 

increased air temperatures through low-latitude air mass advection. 

During this interval, most of the rivers in the eastern United States established a clear 

meandering channel habit, and began the long phase of Holocene aggradation. Along most of the 

major drainage lines the warmer and drier conditions of the early and middle Holocene (Pre-

Boreal and Boreal) is marked by frequent low magnitude overbanking events and the formation 

of thick, often well-developed cambic B-horizons which overlie the basal sands and gravels 

deposited during the Younger Dryas. The cultural history of most sections of the northeast shows 

trends consistent with the northward retreat of coniferous forest, containing relatively meager 

food resources compared to the nuts, berries and herbs of the deciduous forests (Stoltman and 

Baerries 1982). 

The work of Knox (1983) supports the interpretation of dry conditions for the Boreal climate 

phase.  Runoff and sediment yields are principal determinants of the physical properties of 

alluvial channels and flood plains, and the frequency and magnitude of water and sediment yields 

are adjusted to climate, vegetative cover and physiography.  Knox’s (1983) seminal paper 

discusses the adjustments of river systems as they relate to the direct effects of climatic events 

(storms and floods) and the indirect effects of vegetation as it controls runoff and erosion. Knox 

(1983) propose that fluctuations in the atmospheric circulation pattern (i.e. jet stream) from 

zonal (de-amplified west to east flow) during the Boreal climatic phase to mixed zonal-meridional 

(amplified flow, allowing cross latitudinal advection) during the Atlantic through Sub-Boreal 

climatic phases were responsible for significant changes in stream regime (e.g. large floods, 

aggradation vs. incision) (Figure 17).  Langbrin and Schumm (1958) also emphasized the strong 

influence of vegetative cover on surface runoff and subsequent bankfull discharges.  To date, 

there is no strong evidence for the replacement of forest by prairie vegetation in the Middle 

Atlantic region (even during the warm and dry Sub-Boreal climatic phase).  This indicates that 

changes in forest communities, though important, were apparently secondary to climate change 

in effecting fluvial responses. 
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Within the Upper Ohio, Delaware and Susquehanna River drainage basins the early Holocene 

(Pre-Boreal and Boreal) was a time of active alluviation/aggradation.  Since both base-level and 

tectonic controls can effectively be ignored, the most likely cause of this alluviation was the 

expansion of tributary streams supplying an increase in sediment yields to the river and its main 

tributaries, as well as a change in atmospheric circulation patterns. 

Holocene Environments 

Watts (1979) has examined the pollen record for central Appalachia and the New Jersey 

Coastal Plain, and divides the post-glacial time span into four intervals: (1) the late Pleistocene, 

influenced by the proximity of the glacial front and ending about 13,000 BP., (2) the early 

Holocene, characterized by the immigration of tree species from southern refugia, ending about 

9000 BP., (3) the Hypsithermal, a warm, dry interval lasting until 3500 BP., and (4) the late 

Holocene, when a relatively stable primary forest became established (Miller et al. 2004; Watts, 

1979; Figure 15).  We note that this is a broader climatic classification than the Blytt-Sernander 

scheme described earlier, but it incorporates greater variation and facilitates interpretation of 

larger-scale paleoenvironmental trends that might be more unequivocally registered in the 

stratigraphic record. 

Earlier interpretations of the pollen record focused on the concept that the environment of 

10,000 years ago resembled the modern Boreal forest, and was dominated by pine and lacked 

the deciduous food-bearing species that were abundant in the forest after 5000 BP. (Fitting 1968; 

Ritchie 1979).  More recent data show a post-glacial proliferation, in pollen profiles, of deciduous 

elements such as oak.  This is presumed to be evidence, at least locally, of colonization of 

deciduous species in the early Holocene forest (Davis et al. 1975; Dincauze and Mulholland 1977; 

Eisenberg 1978; Miller et al. 2007).  Delcourt and Delcourt (1980) present evidence of conifer-

hardwood forests in the Middle Atlantic region at 10,000 BP. In addition to conifers and oak, these 

forests included cold-adapted, mesic species such as birch, elm, ironwood, maple, and beech.  Oak 

and hickory pollen are well-represented at 10,000 BP. in a core from Browns Pond (Kneller and 

Peteet 1999).  Carbonized grape, plum, and hackberry occur in a Paleoindian hearth at the 

Shawnee Minisink site on the Delaware River and indicate that understory vegetation common 

in temperate forests was present during this early interval (Dent and Kauffman 1985).  In sum, 

conifers dominated throughout the glaciated region and deciduous species were most common 

in the unglaciated regions to the south of the late Wisconsin terminal moraine. 

Pre-Boreal Climatic Episode (10,100 BP. - 9000 BP.) 

The Pre-Boreal (10,100 BP. - 9000 BP.) environments, however, were comprised primarily of 

conifers with mixed deciduous elements (lower part of Pollen Zone B) from 10,100 - 9000 BP.  

Most of Pennsylvania was characterized by a closed forest comprised of pine, fir, oak, hemlock, 

alder, and birch.  Although the Laurentide ice sheet had receded to the north, weather patterns 

remained influenced by ongoing deglaciation.  At this time, the dominant atmospheric circulation 

pattern for North America was zonal (west to east), which resulted in an increased frequency of 

cyclonic storms (Knox 1983: 30-31); Vento et al. 2008: 16). Eastern Canada, however, remained 

covered by massive glacial ice, and sea level was approximately 20 m below its present level. 
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Delcourt and Delcourt (1981) have documented the presence of conifer-oak forests in the 

Middle Atlantic region at 10,000 BP. that included cold-adapted, mesic species such as birch, elm, 

ash, ironwood, maple, and beech.  Oak and hickory pollen are well-represented at 10,000 BP at 

Browns Pond in Virginia.  Hemlock was present in central Pennsylvania by 9600 BP. (Watts 1979: 

462). 

Although the data suggest that the Pre-Boreal forest likely contained a substantial component 

of temperate hardwoods, these species were probably restricted to favorable topographic and 

edaphic niches, initially occurring as patches within a predominantly coniferous forest.  In the 

southern section of the modern conifer-hardwoods found on the Appalachian Plateau, deciduous 

species have migrated northward along major valleys and their tributaries (Braun 1950), a 

situation that may resemble the early to mid-Holocene immigration of deciduous species along 

stream valley from glacial refugia in the south.  Faunal data also support the existence of a 

temperate forest.  At Hosterman’s Pit, Centre County (Guilday 1967), faunal remains dated to 

approximately 9000 BP. are mostly temperate forest species such as squirrel, pine mouse, rabbit, 

and deer.  

The Holocene fauna of Pennsylvania is generally assignable to Semken’s (1983) second 

category.  He states that the reduction in the number of species has led authors (e.g. Martin, 1967; 

Martin and Webb 1974; Semken 1974) to regard the Holocene biotic record (especially the 

megafauna) as impoverished, compared to the high species diversity of the Late Pleistocene 

(Graham 1979).  This faunal change has been used to define the Pleistocene/Holocene transition.  

Clearly, the megafaunal species of the late Pleistocene suffered extensive extinction.  Moreover, 

the temporal response of vertebrate species to deglaciation and associated climate change was 

highly variable (Guilday and Parmalee 1965); Guilday et al. 1966, 1977).  Nevertheless, the 

viewpoint of a vertebrate transition within a few hundred years after deglaciation appears to be 

valid (Semken 1983). 

The faunal assemblage that is radiocarbon dated to 11,300 BP. + - 1000 at New Paris No. 4, a 

cave in Bedford County, revealed that a transition occurred from predominantly boreal species 

to an admixture of temperate forest species (Guilday et al. 1964).  Fauna associated with 

temperate conditions were present at Meadowcroft Rockshelter in western Pennsylvania, levels 

dated approximately 11,300 BP. (Adovasio et al. 1985).  Included species were box turtle, turkey, 

eastern mole, and pine or woodland vole. 

Boreal Climatic Episode (9000 BP. - 8000 BP.)  

The Boreal chronozone (9000 BP. - 8000 BP.) (upper half of Pollen Zone B) marks the 

beginning of a warm interval that has been referred to as the North American climatic optimum, 

the Altithermal, or the Hypsithermal period (Deevey and Flint 1957; Figure 1).  Climatic regimes 

of the Hypsithermal include the warm and dry Boreal episode (9000 BP. - 8000 BP.) and the warm 

and wet Atlantic episode (8000 BP. - 4200 BP.). 

During the Hypsithermal there was a dramatic expansion of white pine into both uplands and 

lowlands (Watts 1979).  Because pine is an excellent indicator of temperature and moisture, this 

reveals that the climate was both warmer and drier than during the previous thousand years, or 

any time after (Davis 1983).  The increase in pine pollen during the Boreal climatic episode 
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provides important evidence of the prevailing climate and biotic environment.  Watts notes that 

“pines flourish on acid sandy soils where natural fires are frequent and where competition for 

the larger canopy-forming deciduous  trees is restricted, “ adding that pines become established 

on sites where forest has been destroyed by fire, storm blow downs, or forest clearance, all of 

which make “light gaps” (Watts 1979: 462).  Although oak, hickory, beech, and elm were present, 

they did not reach peak distributions until about 5000 BP. (Prentice et al. 1991: Figure 1). 

Pollen evidence also signals the change to warmer and drier climates (compared to present) 

over the interval between 9000 BP. and 5500 BP.  Within this time interval the data for the 

Hypsithermal are strongest in the Midwest where pollen profiles argue for advance of the prairie 

eastward into Illinois, reaching its maximum extent about 7000 BP. (Bartlein et al. 1980; King, 

1980).  In the eastern United States, evidence for a warmer, drier period at this time (as 

summarized by Graetzer 1986), includes a peak in grasses at Bear Meadows in Centre County, 

Pennsylvania (Kovar 1965), and xeric vegetation on the Cumberland Plateau in Tennessee 

(Delcourt 1979) Davis et al. (1980) point out that an increase in the altitudinal range of hemlock 

and white pine is evidence of a warmer, drier period between 9000 BP. and 5000 BP. in New 

England.  Watts (1979), in his examination of pollen diagrams in the Middle Atlantic region, 

supports the hypothesis of a warmer, drier climate between 8500 BP. and 5500 BP. (Miller et al. 

2004).  Klippel and Parmalee (1982) note that even with this warming trend the climate the 

climate during the early Holocene was considerably cooler than at present on the Allegheny 

Plateau, with conditions most closely resembling the more northerly boreal forest regions.  

Bernarbo and Webb (1977) note that, by 9000 BP., however, the pollen in southwestern 

Pennsylvania consisted of almost no spruce, 30 percent pine, 35 percent oak, and slightly less 

than 10 percent herbs, indicating the northward retreat of the boreal forest (Coppock et al. 2010; 

Coppock et al. 2011). 

Effects of the warmer, drier climate included a decrease in the number of low-order streams, 

a general lower water volume in streams, a decrease in biomass on ridges, and a lowering of the 

water table (Braetzer 1986; Watts 1979).  Evidence, provided by correlations of pollen core data 

with pollen taken from surface samples of known vegetational type, suggests that the overall 

composition of the vegetation did not change radically (Bradstreet and Davis 1975).  Changes in 

hydrology and decreases in productivity would likely have had some effect on the distribution of 

prehistoric populations.  Specifically, upland areas would have become relatively less suitable, 

whereas major riverine areas such as the Ohio, Delaware, and Susquehanna flood plains and 

terraces would have been relatively more suitable (Miller et al. 2007). 

The warm, dry Boreal climate had a detrimental effect on ponds and low-order streams.  

Oxidized soils containing damaged or destroyed pollen at sites from Georgia to New Jersey, 

(including Big Pond, Bedford County, Pennsylvania) indicate that the ponds and bogs dried out 

more frequently during the mid-Holocene Hypsithermal than in subsequent times (Watts 1979: 

263).  By 6500 BP., the last remnant of the Laurentide ice sheet had melted on the Quebec-

Labrador Plateau, and the Atlantic Ocean had reached its current level (Vento et al. 2008).  This 

retreat of the ice sheets effectively allowed for the penetration of cyclonic storms into 

Pennsylvania from the Gulf of Mexico and Atlantic Ocean.  
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Faunal studies have indicated that a modern array of species was present in central 

Pennsylvania by 9290 BP. (Guilday 1967).  Faunal assemblages from Sheep Rock Shelter (36Hu1) 

in Huntingdon County, Pennsylvania, and Meadowcroft Rockshelter (36Wh297) in Washington 

County, Pennsylvania, show no evidence of a significant shift of animal species distribution 

during the Hypsithermal (Guilday and Parmalee 1965; Figure 10).  However, evidence for a 

change from forest (Pre-Boreal episodes) species has been reported in the upper Mississippi 

Valley (McMillan and Klippel 1981; Purdue and Styles 1986), and in other parts of eastern North 

America (Semken 1983).  Faunal remains from Sheep Rock Shelter indicated that whitetail deer, 

elk, raccoon, beaver, rabbit, muskrat, grey squirrel, and turkey were important in the diet of 

Native American groups in the Juniata Valley throughout the Holocene (Guilday and Parmalee 

1965). 

Atlantic Climatic Episode (8000 BP. – 4200 BP.)  

Reexamination of stratigraphic sequences across Pennsylvania indicates that the Atlantic 

climatic episode can be divided into two parts: 1) the early Atlantic (8000 BP. to 6000 BP.) which 

records a period of slow vertical accretion and the subsequent formation of strong cambic, weak 

argillic, and, in places, fragic soil profiles and 2) the late Atlantic which records greater frequency 

of larger overbanking events, more rapid vertical accretion, and distinct coarsening upward 

profiles associated with the continued ablation/retreat of the Wisconsin ice sheets, allowing for 

the penetration of warm and moist air masses into Pennsylvania from the Gulf of Mexico. 

During the Hypsithermal rapid increases in temperatures occurred across much of the 

Northern Hemisphere, but with most warming in the high latitudes.  Tropical locations were 

approximately 1-degree C warmer than at present, while temperatures near the North Pole were 

approximately 4 degrees C warmer.  In terms of seasonal change, winter temperatures changed 

more than summer temperatures, +3-9 degrees C and +2-6 degrees C, respectively.  Data from 

the southern hemisphere indicates cooling during this time interval, as well. 

Causes of the Hypsithermal’s rapid temperature increases across much of the Northern 

Hemisphere apparently relate to orbital variations, or Milankovitch cycles (Wanner et al. 2008).  

At about 9000 BP. the earth’s axial tilt was maximized at 24 degrees.  This, combined with 

perihelion during Northern Hemisphere summer drove solar radiation levels upward by 

approximately 8%.  Circulation changes included either a northward expansion of the polar 

vortex or an enhanced meridional circulation during the Hypsithermal (Wanner et al. 2008).  

These events are not likely mutually exclusive with both occurring simultaneously. This is 

suggested by Greenland cores which show increased levels of sea salt and terrestrial dust.  

Wanner et al. (2008) also discuss a southward shift of the Intertropical Convergence Zone (ITCZ) 

throughout the mid to late Holocene.  They also posit that the NAO index shifts to more positive 

values (zonal flow conditions) during the mid-Holocene, and shifts to negative values (meridional 

flow) during the late Holocene. 

The pollen record for the Upper Ohio, upper and central Delaware and Susquehanna River 

drainage basins shows a rapid decrease in pine and an accompanying increase in both oak and 

hemlock.  This change in the pollen spectra was likely the result of transition from the warmer 

and drier conditions of the Pre Boreal - Boreal climatic phases to moister conditions during the 

Atlantic climatic phase.  The basal dates from many research sites document the beginning of the 
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Atlantic climatic phase at approximately 8000 BP.  At these sites, buried A-horizons, if present, 

are overlain by a rather thick package of fine-grained overbank deposits that document a lengthy 

episode (8000 BP. to 4200 BP.) of continuous low magnitude flood deposition induced by strong 

zonal atmospheric circulation.  Throughout the region the presence of a thick, moderately well-

developed B horizon attests to this episode of slow continuous vertical accretion during the 

Atlantic climatic phase. 

Although Knox (1983) and Vento and Rollins (1989) had argued for the prevalence of a more 

meridional circulation regime during this period, it is more likely that zonal conditions prevailed, 

with the mean jet increasing in latitude, permitting warmer and wetter air masses to occupy the 

study region.  This is supported by the long-term stability of floodplains through the early part of 

the Atlantic period (Vento et al. 2008).  Climatically, precipitation stability is more indicative of 

zonal circulation regimes.  Meridional circulations (Figure 16) are triggered during periods of 

extreme latitudinal thermal gradients.  This occurs when polar latitudes are much colder than 

the less variable and more consistent low latitude temperatures.  An increased latitudinal 

thermal gradient triggers circumpolar vortex expansion which, in turn, triggers increases in polar 

front amplitude.  Embedded within the meridional circulation are mid-latitude (frontal) cyclones.  

These cyclones tend to be of greater frequency and magnitude than during zonal flow periods, as 

upper air vorticity is enhanced under the highly amplified flow regime.  The increase in vorticity 

occurs as a result of large latitudinal differences in the position of the ridge and trough axes.  

Strong positive vorticity advection occurs relative to deepened troughs in a meridional 

circulation regime as air motions follow constant absolute vorticity trajectories (CAVT).  This 

supports strong, deep, and long-duration frontal cyclones which are normally associated with 

significant precipitation events. 

The PNA and the NAO indices are inversely correlated as the positive PNA indicates 

meridional flow as does the negative NAO.  The two indices, used in conjunction, provide an 

approximation of mean upper-atmosphere flow from the central North Pacific Ocean to Western 

Europe.  The prevailing forcing mechanisms of upper-atmospheric flow suggest that the long-

term floodplain stability present throughout the 4000-year Atlantic climatic episode stems from 

primarily zonal flow conditions.  It is climatically plausible that the warming conditions and 

Laurentide ice sheet ablation forces a net poleward adjustment in the mean polar jet as 

documented by Watts (1979), Bartlein et al. (1984), and King (1980).  The adjustment to this new 

flow regime likely occurred abruptly (Wendland and Bryson 1974) with fluvial systems 

responding directly to the climatic change and indirectly to the slower associated vegetation shift 

(Knox 1983).  As Knox (1983) suggests, vegetation would transition to the new climatic forcing 

within 50-200 years.  The sudden increase in both oak and hemlock during the Atlantic climatic 

episode supports the idea of a rapidly changing climatic regime to warm-moist conditions circa. 

8000 BP. to 4200 BP. (Figure 1).  As explained above, a transition to an increased meridional flow 

regime would be coincident with frequent, strong, and slow-moving frontal cyclones.  This should 

be reflected in the fluvial sedimentological record by frequent and well-developed overbank 

deposits, but such does not occur in the fluvial record of this interval.  We therefore conclude that 

the meridional scenario is inapplicable, on the basis of the available record and present-day 

atmospheric flow analysis. 



215 

 

As mentioned earlier, the forests of the Atlantic climatic phase (Pollen Zone C-1; Prentice et 

al. 1991; Vento et al. 2008: 17) are characterized by a rapid decrease in pine and concomitant 

increase in both oak and hemlock.  Although mast-bearing trees continued to increase in 

abundance during the Atlantic episode, they did not reach their historic levels until the late 

Holocene or Neoglacial period (i.e., post-5000 BP.).  Chestnut, an extremely slow migrant, does 

not occur in central Pennsylvania until around 5500 BP.  Many of the arboreal species that 

reached dominance at that time (e.g. oak and chestnut) provided fruits and nuts known to have 

consumed both by humans and by human prey such as deer, elk, bear, and various small 

mammals (Davis 1976).   

The Sub-Boreal Climatic Episode (4200 BP. - 3000 BP.) 

Increasing frequency of cyclonic storms occurred during the continuing northward ablation 

of the Laurentide ice sheet after the Atlantic climatic episode (beginning as early as 6000 BP.).  

Abundant resultant alluvial deposition is supported by data from the Upper Ohio and Upper and 

Middle reaches of the Susquehanna and Delaware River drainage basins.  Stratigraphic evidence, 

in the form of channel avulsion and deposition of coarse-grained vertical and lateral accretion 

deposits, especially along the first-, second-, and third-order streams within the basin, documents 

the increased occurrence of large storms after 6000 BP (Figure 5).  Similar stratigraphic evidence 

in the northern Midwest supports the idea of more frequent large floods after 6000 BP. (Knox et 

al. 1981; Figure 1). 

Not surprisingly, the incision of the Pre-Boreal and early Atlantic valley-fill deposits in most 

areas of the basin occurred about 6000 BP.  This was coincident with increased meridional 

circulation - a condition that promoted strong cyclonic storms via the lifting and mixing of warm, 

moist Gulf air masses by cool, dry air masses out of Canada (Vento and Fitzgibbons 1987; 

Grissinger et al. 1981; Figure 17).  This episode of middle Holocene incision and more frequent 

large floods may be responsible for the general paucity or near absence of in situ, Paleoindian, 

Early Archaic and Middle Archaic sites in low terrace contexts along many of the streams in the 

Commonwealth. 

During the period 4200 BP. to 3000 BP. (Sub-Boreal to Historic Contact), the genetic 

stratigraphic package deposited on the lowermost Port Huron and Valley Heads terraces in the 

Susquehanna and Delaware basins is marked by various occurrences of erosion and deposition 

that can be attributed to atmospherically induced changes in climate.  The typically thick cambric 

B-horizons and/or C-horizons of the Sub-Boreal were emplaced during warm and dry conditions, 

probably in association with meridional stabilization of the Bermuda-Azores anticyclone over 

eastern North America and/or the increased importance of warm/dry zonal flow (much like the 

1930s) which reduced vegetative cover, increased surface runoff and promoted vertical accretion 

on low terraces within the basin.  This situation occurs when the Bermuda-Azores High becomes 

especially large and strong, and/or retrogrades westward over the eastern portion of North 

America.  These conditions result in a positive PNA and a negative NAO index, indicative of highly 

meridional flow with the mean jet trough position westward of normal.  In many cases, the PNA 

will “reverse” through displacement of the normal ridge to trough (from west to east) to a trough 

to ridge flow regime.  Eastern North America falls under the presence of a ridge and subsequent 

high pressure.  This decreases the likelihood of precipitation while simultaneously advecting 
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warm, dry air from the southwest.  Such conditions occur with relative frequency during present-

day summers. 

The decline of hemlock during the Sub-Boreal lends support to the assignation of warm-dry 

conditions during this time.  The absence of well-developed cumulic A-horizons and associated 

flood plain instability may also be attributed to these conditions (Figure 1).  Archaeologically, the 

observed low numbers of Transitional Archaic sites along small to moderate-sized drainage lines 

in the region may reflect a prehistoric preference for larger streams where discharges would 

have been less affected by the warm-dry conditions due to base flow (ground water) 

contribution.  Perhaps significantly, this warm-dry interval is also well documented at 

Meadowcroft Rockshelter in deposits dated to the same time interval (Campbell et al. 2008).  

Additionally, as noted by Stinchcomb (2012), pollen and lake-level data from the region indicate 

a warm dry interval from 5500 BP. to 3000 BP., accompanied by the well-documented Eastern 

Hemlock (Tsuga canadensis) decline (Watts 1979; Davis 1983; Shuman et al. 2004, 2009).  Coeval 

dry conditions were documented in nearby Lake Grinnel, New Jersey (Li et al. 2007), upstate New 

York (Mullins et al. 2011, and Davis Pond, Massachusetts (Newby et al. 2011).  West Virginia 

speleothem Sr/Ca ratios also indicate a dry interval around 3000 BP. (Springer et al. 2009). 

To date, the most detailed and exhaustive studies within the Upper Delaware and Middle 

Delaware River valley has been completed by Stinchcomb et al. (2012) and Stinchcomb (2013). 

The Transitional Archaic period coincides with the late-middle Holocene reworking and 

aggradation phase (Phase IV) along the upper Delaware River valley (Stinchcomb et al. 2012).  

Following middle Holocene (6000 BP. - 5000 BP.), average flood deposit grain size decreases and 

a widespread soil formed along the higher T2a alluvial terrace.  Adjacent to the T2a is a lower 

T2b terrace that contains evidence of rapid sedimentation and multistory, weakly developed 

buried soils.  Because overbank sediment was accumulating along the lower surface (active 

floodplain), the higher, less flood-prone, T2a surface became a more suitable habitation site.  This 

T2a buried soil often holds evidence of Late and Transitional Archaic occupation.  Carbon isotope 

composition of soil organic matter from Delaware alluvial soils suggests that the Transitional 

Archaic period follows a shift from higher to lower C4:C3 plants, centered at 4500 BP. 

(Stinchcomb et al. 2013).  This shift may be related to major climate reorganization (the 4200 BP. 

event, and middle to late Holocene transition), post 6000 BP. - 5000 BP. incision and riparian 

development, or both (Stinchcomb et al. 2012; Stinchcomb et al. 2013). 

The beginning of the Sub-Boreal climatic episode (Pollen Zone C-2) marks the end of the 

Hypsithermal and the beginning of the Neoglacial period (Vento et al. 2008:4; Figure 1). The 

forest of this time was dominated by oak and hickory, and there is a marked reduction in pine, 

birch, and alder (Prentice et al. 1991: 2047).  A dramatic decline in hemlock that began around 

5000 BP. (Hass and McAndrews 2000:81) continued throughout this interval (Coppock et al. 

2010, 2011). 

There are competing hypotheses to explain the reduction of hemlock during the Sub-Boreal 

interval.  Knox (1983), Vento and Rollins (1989), and Vento et al. (1992; 2008) suggest that the 

decline of hemlock and its continued suppression during the Sub-Boreal (ca. 4500 BP. - 3000 BP.) 

indicate that warm and dry conditions prevailed at this time.  They argue that this warm-dry 

pattern resulted from meridional stabilization of the sub-tropic high zone over Pennsylvania or 
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increased warm-dry zonal flow (much like conditions in the 1930s).  This pattern led to a 

reduction in vegetative cover and greater surface runoff, which promoted vertical accretion on 

low terraces within stream basins.  Although others have proposed that the hemlock decline was 

the result of disease or insect infestations (e.g. Bhiry and Filion 1996; Davis 1981; Filion and 

Quinty 1993), most of the evidence suggests that the decline can be attributed to drought (e.g. 

Haas and McAndrews 2000; Niering 1953; Valero-Garces et al. 1997; Yu et al. 1997).  Regardless 

of whether the overall climate during this period was warm and dry, or more like today’s, it is 

clear that the rapid deposition of coarse sediments along rivers and streams during the Sub-

Boreal period was the result of frequent cyclonic storms causing severe to moderate lateral 

channel migration of tributaries, with alluviation dominant over incision. 

Although there is some disagreement regarding the occurrence of a mid-Holocene climatic 

optimum in the Northeast, there is even greater debate regarding the climate following 5000 BP.  

A number of researchers argue in support of environments affected by severe climatic 

fluctuations, including a warm, dry, or xerothermic, period between 5000 BP. and 2600 BP. 

(Carbone 1976; Custer 1988; Curry and Custer 1982; Vento and Rollins 1989; Vento et al. 2008).  

Joyce (1988) notes that the xerothermic has been assigned various dates within this time interval.  

Curry and Custer (1982) argue that the xerothermic corresponded to the warm, dry conditions 

of the late Atlantic and the Sub-Boreal periods in the Blytt-Sernander construct. Others contend 

that, although there were undoubted fluctuations in temperature and moisture after 5000 BP., 

these were no more than low amplitude fluctuations of short durations (Beckerman 1986; Joyce 

1988; Watts 1979). 

According to Miller et al. (2003) and Miller et al. (2007), impacts on vegetation were likely 

minimal and the species composition of the forest habitat, as a result, was similar to that of 

present-day in many respects. Custer (1984; 1988) points to a decrease in hemlock and an 

increase in hickory as evidenced by many of the major pollen studies in the northeastern United 

States.  Hickory, in these studies, is considered to be an indicator of relatively dry conditions.  

However, as both Custer (1988) and Carbone (1976) remark, the difficulties of species-level 

identification of pollen samples renders such interpretations problematical.  Moreover, mesic 

species of hickory exist (Carya cordiformis, Carya ovata), and are common in the modern biota 

(Joyce 1988).  Most xeric hickory species also grow and thrive on moist fertile soils.  The sudden 

and synchronous decline of hemlock across a wide range of latitudes, often interpreted as due to 

dry conditions resulting from climate change, better favors causation from disease (Bhilry and 

Filion 1966; Davis 1983; Watts 1979, 1983).  Also, pollen profiles do not exhibit significant 

increases in non-arboreal pollen, such as grasses, amaranth, and chenopod that would suggest a 

significant decline in over story vegetation resulting from decreased precipitation and increased 

temperatures (Miller et al. 2004; Miller et al. 2007; Coppock et al. 2010). 

Carbone’s (1976) quantitative analysis of data from the Shenandoah Valley is often cited to 

support the proposition that warm and dry conditions were present in the Middle Atlantic during 

the late Holocene.  That study followed a statistical methodology developed by Webb and Bryson 

(1972), based on modern pollen samples and modern climatic data from 73 sample locations in 

the Midwest.  Carbone (1976) applied this methodology to raw data from Hack Pond, located in 

the Shenandoah Valley of Virginia, to support the existence of warm, dry period, culminating 

around 4350 BP. (Carbone 1976; Miller et al. 2004).  According to Carbone (1976; 106), this 
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involved “increased temperatures, increased desiccation, and moisture stress”.  Carbone’s 

discussion does not make clear when temperature and precipitation reached modern conditions, 

although Carbone states that the “climatic shifts of the last 4000 to 5000 years can be better 

understood as perturbations of the modern pattern rather than as actual long-term shifts 

(Carbone 1976: 107).  Problems in projecting the effective spatial ranges (from the Midwest 

eastward) and timing of climatic change for this widely utilized model stem from ecological 

variability, on both regional and local scales. 

Alluvial stratigraphy has also been used to support warm, dry conditions in the late Holocene.  

Increases in overbank deposition rates have been attributed to increased runoff resulting from 

decreased vegetative cover.  Such an interpretation is based in part on Knox’s (1972) study of the 

morphology of stream channels and flood plains in southwestern Wisconsin.  Knox interpreted 

increased aggradation prior to 6000 BP. to result from a warm, dry period when climate was 

primarily influenced by dry westerly winds.  This interval is well document in the pollen profiles 

of the Midwest, which indicate an eastward migration of the Midwestern prairie prior to 6000 

BP. (King 1980).  After 6000 BP., Knox theorized that increased rainfall and vegetation resulted 

in a decrease in the magnitude and frequency of peak stream flows, resulting in less overbank 

deposition.  Knox (1983) noted that the period of greatest sediment yield during the climatic 

progression from humid to arid to humid conditions would have been at the end of the warm, dry 

period, when vegetative cover was at a minimum, but when rainfall increased.  Again, the 

difficulties of transferring mechanisms (climatic or otherwise) across interregional settings of 

alluvial deposition remain (Miller et al. 2007). 

Nevertheless, studies of alluvial stratigraphy in the Middle Atlantic region do indicate that 

overbank deposition was rapid between approximately 5000 BP. and 3000 BP.  Vento and Rollins 

(1989) and Vento et al. (2008) identified a record of rapid vertical accretion in the Ohio and 

Susquehanna River basins, consisting of sediments with Late Archaic and Transitional Period 

cultural material.  Scully and Arnold (1981) found evidence of increasing vertical accretion in the 

upper Susquehanna drainage basin after 4900 BP.  Schuldenrein et al. (2003) found somewhat 

similar, although slightly more subdued, trends along the Delaware.  Carbone (1976) pointed to 

the rapid deposition of culturally sterile, sandy clay loam between 5000 BP. and 2700 BP. as an 

indication that vegetation cover was at a minimum as a result of increased temperatures and 

decreased rainfall. 

Hydrological studies cast additional light on the link between sediment yield, climate, and 

vegetation cover.  Langbein and Schumm (1958) demonstrated that the degree of precipitation 

decrease required to substantially affect the sediment yield and magnitude of floods is quite 

large.  Their data show that the decline in precipitation required to cause a forest to grassland 

transition would result in only a 30 percent increase in sediment yield.  Late Archaic and 

Transitional Period over bank deposition apparently increased at least this much, yet there is no 

evidence in pollen profiles of grassland vegetation during this period (Vento and Rollins 1989; 

Vento et al. 2008).  Data presented by Knox (1972) indicate that changes in mean annual 

precipitation above 650 mm mean annual precipitation have little effect on flood size.  Present 

day precipitation in the Susquehanna, Delaware, and Ohio River basins is approximately 900 mm 

annually (Vento et al. 2008).  Thus, for decreased rainfall to affect either the sediment yield of 

drainage basins or the magnitude of overbank flooding, arid conditions would have been 
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required.  As noted above, there is no evidence of vegetation changes in the late Holocene pollen 

record of the Middle Atlantic region that would indicate a shift in overstory composition involving 

an increase in xeric species.  However, as noted above, this interpretation of the pollen profile is 

not irrefutable (Miller et al. 2004). 

Vento and Rollins (1989) and Vento et al. (2008) support the hypothesis of a warm, dry Sub-

Boreal (4200-3000 BP.), and they attribute rapid vertical accretion to changes in atmospheric 

circulation patterns.  Based on Knox’s (1983) discussion of the effects of zonal vs. meridional 

circulation, Vento et al. (2008) and Joyce (1988) point to an increase in meridional circulation 

resulting in more frequent cyclonic storms and more frequent overbank flooding.  Miller et al. 

(2004) emphasize that such an interpretation does not depend upon an overall decrease in 

precipitation and/or decrease in vegetation in order to explain the increase in alluvial deposition.  

Although there are, to date, no independent supporting data for this hypothesis, in contrast to 

that of severe climatic change, it is not in conflict with the pollen data (Miller et al. 2003). 

Miller et al. (2003) further note that there is not conclusive evidence of a widespread warm, 

dry climate such as hypothesized by Carbone (1976) and Curry and Custer (1982) for the period 

between 5000 BP. and 2600 BP.  Rather, data suggest that modern levels of temperature and 

precipitation prevailed in the eastern United States and the Ohio River drainage basin in general.  

Cyclonic storms, as evidenced by flood scouring and the deposition of coarse-grained material on 

the flood plain, likely were more common than in the previous period.  Flood plain and terrace 

soils supported mesophytic species such as beech, oak, tulip tree, ash, sugar maple, and walnut.  

Upland soils supported forest communities dominated by chestnut, hickory, and oak.  The late 

Holocene forest differed from the modern forest primarily in age structure, comprised of tree 

communities with variable ages, of various stages of regeneration, and containing internal gaps 

caused by falls of senescent trees.  These gaps supported a variety of edible resources that thrived 

in the open, including berries such as blackberries, raspberries, and a variety of tubers.  These 

would have been available subsistence resources (Miller et al. 2004; Miller et al. 2007).   

The Sub-Atlantic Climatic Episode (3000 BP. - 1750 BP.) 

The Sub-Atlantic is recognized by some in North America as a period that included many 

small climatic shifts.  Overall, it was one characterized by fairly warm temperatures and slowly 

rising sea levels (Goodbred et al. 1998).  By 3000 BP. the mean climate abruptly transitioned to a 

warm and moist condition.  The Sub-Atlantic and Neo-Atlantic/Medieval Warm Period (1100 BP. 

to 750 BP.) climatic episodes mark a sequential transition from warm and moist, to cool and 

moist, and then to warm and moist conditions.  In contrast to the previous climatic episode, this 

transition provided several hundred years of flood plain stability leading to long-term A-horizon 

development (Figures 1, 4 and 5).  Clearly, the effects of meridional circulation and the associated 

cyclonic and convectional storms were much reduced during these climatic periods.  A 

subsequent return to a record of more abundant hemlock pollen, from low levels during the 

warm-dry Sub-Boreal indicates lowered rates of evapotranspiration and more effective 

precipitation. 

The climate and forests inferred from the record of the Sub-Atlantic chronozone (lower 

Pollen Zone C-3a) were very similar to those present at the time of European contact.  That Sub-

Atlantic forest is characterized as an association of oak and chestnut, with local variation 
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controlled by slope and altitude.  Ridge tops were typically dominated by scarlet, black and 

chestnut oaks; the upper slopes by red oak; the lower slopes by white oak, red oak, hickory, and 

hemlock; the valley floors and river terraces supported white oak, sugar maple, hemlock, white 

pine, and pitch pine (Braun, 1950).  Chestnut was a dominant species, although it has since been 

eliminated by the chestnut blight of the early twentieth century.  The forest contained pockets of 

other climax associations that reflected the region’s mountainous character and altitudinal 

variation (Braun, 1950).  Of these, the mixed mesophytic cove forests were particularly well 

developed. 

Scandic (1750 BP. - 1250 BP.) 

The forest during the Scandic period (middle Pollen Zone C-3a) appears to have been similar 

to that of the preceding Sub-Atlantic phase.  Cooler and moister climatic phases, such as the 

Scandic, as well as the subsequent Pacific (700- 500 BP.) and Neo-Boreal (500 - 50 BP.) phases, 

effectively arrested A-horizon development while the increased frequency of tropical storms 

(hurricanes) led to increased runoff, floodplain instability, and the formation of Bw and BC 

horizons on floodplains and low terraces (Figure 1). 

These cooler and moister climatic phases favored rapid vertical accretion and very poorly 

developed B-horizons and coarse-grained C-horizons (autogenic units) on low terraces within 

the region. As, noted this was likely the result of an increase in the frequency of tropical storms 

(hurricanes) and/or more common cool season flood events associated with increased 

meridional flow conditions.  Precipitation from intensive low pressure cells similar to the 1955 

and 1972 tropical cyclone induced floods could have been rather common during these climatic 

phases, as the atmosphere approached modern flow characteristics. 

An interesting observation from pollen studies within the region is the high percentages of 

grass, vetch, and chenopodium (both pollen and seed) occurring in alluvial deposits less than 

2000 years old.  Grass, vetch and chenopodium are often associated with various types of 

disturbance events. Their occurrence here may either indicate a cultural alteration of the natural 

floodplain or be the result of natural deforestation followed the invasion of these colonizing taxa.  

Scully and Arnold (1981), Alexander and Prior (1981), Gooding (1971) and Nelson (1966) have 

suggested that Amerinds may have been an important geomorphic agent, due to burning, 

clearing, and cultivating forest lands before European cultivation.  The reported high percentages 

of Ambrosia and Rumex pollen in the C3a zone may be attributable to aboriginal clearing.  In 

addition, the presence of ubiquitous charcoal flecks in the late Holocene alluvium on the Port 

Huron and Valley Heads terraces may reflect increased aboriginal utilization and occupation of 

the valley bottoms during this time.  Interestingly, recent re-analysis of the molluscan fauna from 

Meadowcroft Rockshelter (Campbell et al. 2008) reveals the same anthropogenic clearance 

“signature” at the same time interval. 

Neo-Atlantic (1100 BP. - 750 BP.) 

The Neo-Atlantic is also referred to as the Medieval Climate Optimum or the Medieval 

Climatic anomaly.  It was a warm period in North America and Europe.  In fact, excluding present 

day temperature levels, this period was the warmest of the last 2000 years. Temperatures were 

only 0.1 - 0.2 degrees Centigrade below those of today.   
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The forest during the Neo-Atlantic period (upper Pollen done C-3a) was similar to that of the 

preceding Sub-Atlantic and Scandic phases.  As during the Sub-Atlantic, an increase in floodplain 

stability during the warm moist Neo-Atlantic period resulted in the formation of an often 

persistent cumulic A-horizon (Owasco paleosol) which is typically capped by a variably thick 

package of late Holocene sediments emplaced at the onset of the following Little Ice Age (Vento 

and Fitzgibbons 1986, Figure 1).  Interestingly, during the late Holocene there is clear evidence 

for increasing local disturbance of vegetation, probably in response to increased human land use 

(e.g., horticultural and agricultural activities).  At the Gallipolis site along the Ohio River in eastern 

Ohio, the pollen record shows increasing local disturbance of vegetation beginning about 4850 

BP. (Fredlund, 1989).  Supporting data from the study of pollen and wood charcoal from Cliff 

Palace Pond in Jackson County, Kentucky, indicates a forest dominated, around 1250 BP., by fire-

tolerant taxa such as oak and chestnut (Delcourt et al. 1998). 

Little Ice Age (Neoglacial) 750 BP. - 150 BP. 

Definition of the Little Ice Age (LIA) has been, and remains, controversial but for the purposes 

of this chapter the LIA began at approximately 750 BP with the end of the Neo-Atlantic (Medieval 

Warm Period) and ended at roughly 150 BP. At its height, growing seasons in the northern 

regions of North America and Europe were shortened by as much as 20 percent, leading to 

frequent crop failures and forcing both human migration and increased hunting/gathering 

activities in affected regions.  Recently dated records of ice-cap growth from Arctic Canada 

suggests that a succession of strong volcanic eruptions forced an abrupt onset of the Little Ice 

Age between A.D. 1275 and 1300 (Miller et al. (2012).  

The term Little Ice Age was originally coined by F. Matthes in 1939 to describe a series of 

mountain glacier advances and retreats, analogous to, though considerably more moderate than, 

the Pleistocene glacial fluctuations (Mann 2002). This relatively prolonged period has now 

become known as the Neoglacial period. The term Little Ice Age is, instead, reserved for the most 

intensive recent period of mountain glacier expansion and is conventionally defined as the 16th–

mid 19th century period during which European climate was most strongly impacted (Mann 

2002).  The coldest historically recorded portion of the LIA was the Mauder Minimum, a period 

between A.D. 1645 and A.D. 1715, when the number of observed sunspots decreased, indicating 

a reduced level of solar activity. 

During this cooling period, the tilt of the earth's axis also changed. Such changes may 

profoundly affect ocean circulation, which, in turn, affects climate. Still other scientists have 

suggested that volcanic eruptions—such as one in the southern Philippines in A.D. 1642 may 

have had an impact on the cooling, causing chemical reactions in the atmosphere that blocked or 

redirected sunlight (Mann 2002).  During the Maunder Minimum mean temperatures were 1.2 to 

1.4 degrees Centigrade cooler than those of the Neo-Atlantic (Medieval Warm Period).  Mann 

(2002) appropriately states that the Little Ice Age should be considered a time of modest cooling 

of the Northern Hemisphere and that the LIA may have been more significant in causing 

increased variability of the climate, rather than directional change in the average climate itself. 

The most dramatic climate extremes were less associated with prolonged multiyear periods of 

cold than with year to year temperature changes, or even particularly prominent individual cold 
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spells, and these events were often quite specific to particular seasons (Grove 1988; Bradley and 

Jones 1993; Jones et al. 1998; Mann et al. 1998; 1999) 

The interpretation of the climatic effects recorded in the latter part of the LIA record is 

confounded by the fact that European settlement of the northeastern United States occurred 

during this interval. Starting in the 18th century much of the climatic record has been overprinted 

by this dominance of historic human land use and by A.D. 1830, more than 80% of central New 

England had been converted to either open pasture or tilled fields. Interestingly by A.D. 1850, 

much of this area had been over-exploited agriculturally and subsequently left open to natural 

reforestation, as the focus of agricultural activity shifted westward, and much of the human 

population shifted to urban areas.  Currently, 65% to 90% of central New England is reforested, 

but whereas vegetational patterns prior to settlement were dominated by natural physiography, 

climate, and disturbance, the post-settlement forest recovery does not mimic that of pre-

settlement New England (Francis and Foster, 2000). 

There are many hypotheses pointing to a change in ocean circulation as causation for the LIA 

and most of these centered on shifts in the oceanic conveyor in the North Atlantic Ocean (OLIVER, 

1992). The (NAO) conveyor is responsible for large-scale heat transport and storage in the deep 

ocean. Other purported causal mechanisms were large volcanic events during the early part of 

the 19th century (such as the Tambora Eruption of 1815) that inhibited solar radiation by sulfate 

aerosols and caused extensive cooling in North American as well as cycles of changes in sunspot 

activity as proposed for the Mauder Minimum.    

With regard to influence on sites in alluvial settings, the LIA would have caused higher rates 

of effective precipitation, greater amounts of spring snow melt, decreased annual amounts of 

evapotranspiration, all of which would have resulted in higher rates of sediment input to streams 

and higher stream discharges leading to more frequent flooding events. The effects of the LIA 

would have been more pronounced on sites situated on low aggrading flood plains, as a result of 

flood scouring and active lateral channel migration. On larger drainage lines (i.e., Allegheny, 

Delaware, Ohio and Susquehanna Rivers) the increased frequency of overbank deposition is 

recorded by the burial of the Owasso paleosol and a coarsening upward sediment suite emplaced 

by frequent high magnitude flood events.  

Modern (150 BP. - present) 

The forest type associated with the Little Ice Age and Modern periods (Pollen Zone C-3b) was 

similar to that of the preceding Sub-Atlantic through Neo-Atlantic stages but with an increase in 

spruce and pine.  Nearly all the original forest cover in Pennsylvania was removed by the end of 

the nineteenth century, as a result of urbanization, lumbering, mining and agricultural 

activities.  The forests of today are exclusively secondary communities which bear little 

resemblance to the original forest association (Casselberry and Paull 1967; Gifford and 

Whitebread 1951). As noted earlier, the effects of historic deforestation allowed for higher 

sediment yields to streams, higher discharges and associated more frequent flood events of 

greater magnitude. In conjunction with large cyclonic events (Hurricane Agnes 1972) many flood 

plains and low terraces exhibited extensive flood scouring and subsequent impact to surficial or 

near surface prehistoric archaeological resources.  
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Current Stratigraphic Practices in Geoarchaeology 

For the most part, the current practices of archaeological stratigraphy (Stein, 1980) and 

pedology in archaeology (Holliday 1990) ignore the use of soils as tools in the construction of a 

chronostratigraphic framework and illustrate the general lack of understanding and appreciation 

of the advantages of genetic stratigraphy in archaeological research. 

Previous attempts in the Middle Atlantic Region to correlate depositional phenomena among 

drainage basins often linked them with climate.  The landmark study of Carbone (1976) 

combined the results of palynological, faunal, and depositional studies into a comprehensive view 

of paleoenvironments for the region, but stopped short of identifying chronostratigraphic units.  

Custer (1978) applied a similar approach on a site-specific basis, comparing archaeological 

localities occurring in the region’s Valley and Ridge province.  Most attention has been accorded 

studies of aeolian soils and archaeological deposits of the region’s Coastal Plain (Curry 1980; 

Curry and Custer 1982; Custer and Watson 1987; Stewart 1983, 1986, 1991).  In non-floodplain 

settings, thick aeolian deposits burying archaeological sites have been viewed as a region-wide 

fingerprint of a mid, post-glacial warm/dry climate.  Tentative connections between buried A-

horizons and region-wide environmental conditions have been suggested (e.g. Stewart 1991), but 

never formalized into a comprehensive framework. 

These studies have been criticized from a number of perspectives (e.g., Cavallo and Joyce 

1985; Joyce 1988), including the restricted nature of the database and the assumption that 

sedimentary sequences are the result of such a myriad array of local variables that any linkage 

with regional environmental/climatic trends must be fortuitous.  Over the last 10 years there has 

been a heightened awareness of the application of genetic stratigraphy at archaeological sites.  

Archaeologists and geoarchaeologists (Creemens et al 1998; Schuldenrein and Vento 2011; Vento 

et al. 2008; Schuldenrein et al. 2003; Coppock, et al. 2011; Fritz, 2012; Stinchcomb et al. 2012; 

Stinchcomb et al 2013) now working in the region have been impressed by recurrent patterning 

in sedimentary sequences and have sought some means of integrating these data with models of 

changing climate and vegetation.  The concept of genetic stratigraphy now provides a coherent 

means of evaluating these patterns and distinguishing between local and regional variation in 

sedimentary records. 
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DAM-BREACH HYDROLOGY OF THE JOHNSTOWN FLOOD OF 1889 

CHALLENGING THE FINDINGS OF THE 1891 INVESTIGATION REPORT 

NEIL M. COLEMAN AND ULDIS KAKTINS, UNIVERSITY OF PITTSBURGH AT JOHNSTOWN,  
DEPARTMENT OF ENERGY & EARTH RESOURCES 

STEPHANIE WOJNO, NORTHWEST MISSOURI STATE UNIVERSITY,  
DEPARTMENT OF HUMANITIES AND SOCIAL SCIENCES 

Unedited excerpts from the paper by Coleman, Kaktins, and Wojno (2016), including key figures and a table of data for 

the South Fork dam and watershed.  The work illustrates how it is possible to reevaluate a historic disaster using modern 

data and analyses and careful review of historical records.  The paper has been published “open access” (Creative 

Commons CC BY-NC-ND license) in the Elsevier journal Heliyon, and therefore the full paper can be obtained without cost 

from the following website:  http://www.heliyon.com/article/e00120?via=sd%3D& 

Abstract 

In 1891 a report was published by an ASCE committee to investigate the cause of the 

Johnstown flood of 1889.  They concluded that changes made to the dam by the South Fork 

Fishing and Hunting Club did not cause the disaster because the embankment would have been 

overflowed and breached if the changes were not made.  We dispute that conclusion based on 

hydraulic analyses of the dam as originally built, estimates of the time of concentration and time 

to peak for the South Fork drainage basin, and reported conditions at the dam and in the 

watershed.   

We present a LiDAR-based volume of Lake Conemaugh at the time of dam failure (1.455 × 107 

m3) and hydrographs of flood discharge and lake stage decline.  Our analytical approach 

incorporates the complex shape of this dam breach.  More than 65 minutes would have been 

needed to drain most of the lake, not the 45 minutes cited by most sources.  Peak flood discharges 

were likely in the range 7200 to 8970 m3 s-1.  The original dam design, with a crest ~0.9 m higher 

and the added capacity of an auxiliary spillway and five discharge pipes, had a discharge capacity 

at overtopping more than twice that of the reconstructed dam.  A properly rebuilt dam would not 

have overtopped and would likely have survived the runoff event, thereby saving thousands of 

lives.   

We believe the ASCE report represented state-of-the-art for 1891.  However, the report 

contains discrepancies and lapses in key observations, and relied on excessive reservoir inflow 

estimates.  The confidence they expressed that dam failure was inevitable was inconsistent with 

information available to the committee.  Hydrodynamic erosion was a likely culprit in the 1862 

dam failure that seriously damaged the embankment.  The Club’s substandard repair of this 

earlier breach sowed the seeds of the dam’s eventual destruction.   

1. Introduction 

On May 31, 1889, between 2:50 and 2:55 p.m., the South Fork dam breached, releasing the 

torrent now known as the Johnstown Flood (Kaktins et al., 2013).  More than 2200 lives were lost 

and hundreds of the victims were never recovered.  An outstanding historic account of the flood 

was written by McCullough (1968).  In the aftermath, on June 5th, 1889 a committee led by the 

esteemed James B. Francis was appointed by the American Society of Civil Engineers (ASCE) to 

http://www.heliyon.com/article/e00120?via=sd%3D&
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visit the South Fork dam and investigate the cause of its failure.  Francis was a hydraulic engineer 

best known for his work in flood control, turbine design, canal work, dam construction, and weir 

discharge calculations.  He was a founding member of the ASCE and served as its president from 

November, 1880 to January, 1882.  Other committee members included Max J. Becker, ASCE 

President in 1889, Alphonse Fteley, ASCE Vice President, and William E. Worthen, a past 

president of the ASCE.  The committee visited the South Fork dam and downstream locations, 

reviewed the original design of the dam and subsequent modifications made during repairs, 

commissioned an elevation survey of the dam remnants, interviewed eyewitnesses, and 

performed various hydrologic calculations.  In the end they determined the dam would have 

failed even if it had been maintained within the original design specifications.  The committee 

concluded that:  

“The [South Fork] Hunting and Fishing Club [sic], in repairing the breach of 1862, 

took out the five sluices [drainage pipes] in the dam, lowered the embankment 

about 2 feet, and subsequently, partially obstructed the wasteway [spillway] by 

gratings, etc., to prevent the escape of fish.  These changes materially diminished 

the security of the dam, by exposing the embankment to overflow, and 

consequent destruction, by floods of less magnitude than could have been borne 

with safety if the original construction of 1851-1853 had been adhered to; but in 

our opinion they cannot be deemed to be the cause of the late disaster, as we find 

that the embankment would have been overflowed and the breach formed if the 

changes had not been made.  It occurred a little earlier in the day on account of 

the changes, but we think the result would have been equally disastrous, and 

possibly even more so.…” (Francis et al., 1891, p. 456). 

This claim that the dam, even as originally constructed, would have failed bears scientific 

scrutiny.  We have analyzed the time of concentration (tc) for the drainage basin and flood inflows 

to the lake on May 30-31.  We examined whether two spillways (an original auxiliary spillway on 

the southwest abutment was missed by the committee) and the drainage pipes together, along 

with greater storage capacity behind a higher impoundment, could have prevented overtopping 

of the dam if it had not been lowered as much as 0.9 m when the South Fork Fishing and Hunting 

Club (SFFHC) rebuilt the dam.  Our analysis is supported by river level observations that stream 

inflows to the lake had peaked hours before the dam breach.   

Our research relies on many 19th century publications and more recent work that document 

historic data using English units rather than SI units.  For most of our calculations we use the 

always preferable SI units, but where we highly depend on old data sources we report the original 

English units.  We believe this approach will help confirm our appropriate use of the 19th century 

data and will aid future workers who may further analyze this dam breach disaster.     

2. Background 

2.1 Changes made to the South Fork dam 

The South Fork dam and its impoundment, Lake Conemaugh (also known as the Western 

Reservoir), were located near the present-day small towns of St. Michael and Sidman, in Cambria 

County, Pennsylvania (Figure 1).  The impoundment was originally built by the Commonwealth 

of Pennsylvania to supply water during low-flow periods by way of the Little Conemaugh River 
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to the downstream canal system in Johnstown.  The design and construction history of the South 

Fork dam and reservoir are discussed by Francis et al. (1891) and reviewed by Kaktins et al. 

(2013).  A view of the dam in cross section is shown in Figure 2.  After the state of Pennsylvania 

sold the canal properties to the Pennsylvania Railroad in 1857, the dam and reservoir were of no 

direct use to the railroad and were left with minimal oversight.  In July of 1862 the dam breached 

gradually, draining the lake in half a day.  The history of this breach is further discussed in the file 

of online supplementary content.  The Pennsylvania Railroad no longer needed the dam and in 

1875 they sold the land parcel including the dam and former lake to John Reilly, a former 

congressman from Altoona.  In 1879 Reilly came to an agreement with Benjamin Ruff for 

transferring the property, but the formal sale was directly to the SFFHC in March 1880 (McGough, 

2007).   

 
Figure 1.  Location map of the South Fork dam and Lake Conemaugh.  The towns of St. Michael and Sidman and the 

Conrail branch line in the former lakebed did not exist at the time of the flood. 

Ruff intended to establish a resort.  But the 1862 failure set the stage for the dam breach 

disaster in 1889 because when the dam was rebuilt by the SFFHC significant changes were made 

to the original design.  The changes, such as lowering the dam crest, the omission of low-

permeability puddled clay that had originally been emplaced on the upstream half of the 

embankment, and the use of mining wastes containing plastic clays, are discussed by Kaktins et 

al (2013).  A very significant change was the removal of the sluice or discharge pipes at the base 
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of the dam and blocking the opening of the remaining stone culvert portion with hemlock planks.  

It is unclear when this occurred.  McCullough (1968, p. 55) states that although Congressman 

Reilly sold the property at a slight loss, he made up for it by first removing the old cast iron 

discharge pipes and selling them for scrap.  This statement differs from Francis et al. (1891, p. 

445 and 456) who wrote that the SFFHC removed the pipes.  They also documented that the dam 

repairs began in April 1880, several months before the property was conveyed to the SFFHC.  In 

any case, the rebuilt dam now had no mechanism to control the lake water level except for 

discharge through the main spillway. 

 

 

Figure 2.  View of the original design of the South Fork dam, showing heavy riprap on the downstream face, a broad 

“puddled” clay section on the upstream side, slope wall of dressed stone on the upstream face, and a masonry culvert 

beneath the dam center fed by cast-iron pipes to discharge water and control the lake level.  In 1846, in Morris’ revised 

plan, the masonry control tower was replaced with a wooden frame tower (Francis et al., 1891, p. 444).  Modified from 

Plates LI and XLVIII of Francis et al. (1891).  Photo inset at upper right: dressed masonry stones in the foundation of the 

Unger “spring house” at the Johnstown Flood National Memorial (photo by N. Kaktins).     

Another change relates to the masonry stones that were originally placed on the upstream 

side (“slope wall”) of the dam (Figure 2).  As shown in Figure 3 of Kaktins et al. (2013), the 

placement of these dressed stones on the northeastern side of the dam seemed to be incomplete 
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at the time of dam failure.  According to Benjamin Ruff, in a written reply to an engineering report 

from Daniel J. Morrell (Cambria Iron Company), the face of the dam on the lake side was not 

covered with riprap, but was covered with a “slope wall” (McGough, 2002, p. 24).  Therefore the 

masonry cover that comprised the slope wall may well have been complete for the original dam, 

but some of those dressed stones were apparently removed during or before the dam 

reconstruction.  A National Park Service (NPS) photograph reproduced in McGough (2007, 

Illustration #9) clearly shows that, at least on the northern side, the original dressed stones have 

been replaced by riprap on the rebuilt dam.  We found masonry stones that appear similar in size 

to the original specifications incorporated in the foundation of the house and spring house of the 

former F. J. Unger property, on the north side of the dam (Figure 2, inset top right).  Unger was 

the last president and manager of the SFFHC.  The former barn reportedly also had dressed stones 

in its foundations.  They may have been scavenged from the dam before it was rebuilt because 

photos of the lake side of the dam after the flood show that the remaining original slope wall 

covered less than the bottom fourth of the slope on the northern remnant of the dam.  It would 

certainly have been unusual in the 1800’s to fabricate dressed stones to use in the foundations of 

a barn or spring house, unless such stones were already available.  It should be noted that the 

spring house foundation shown in Figure 2 is not entirely original.  Parts were restored by the 

NPS to repair damage.  The present foundation is likely a good representation of the original, 

given the NPS’s goal of working to accurately preserve historic sites. 

 

Figure 3.  Large sandstone riprap on the western (left) and eastern (right) remnants of the dam.  These represent the 

downstream side of the dam and illustrate the excellent riprap used in the original construction, obtained mostly from 

excavation of the main spillway (photos by U. Kaktins).  Large riprap like this was not used in reconstruction efforts by the 

SFFHC.   

One of the key changes was that the large riprap originally used to cover the downstream 

slope of the dam (see Figure 3) was not used to cover the repaired section.  Smaller riprap was 

used, and this is evident in plate LIIIA of Francis et al. (1891) (also see Figure 4).  Despite this 

photographic evidence to the contrary in their own report, Francis et al. (1891, p. 446) state that 
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“heavy” riprap was used to cover both sides of the repaired embankment.  Also the original dam, 

instead of a heart wall, relied on “puddled” clay layers to ensure a low permeability integrity of 

the embankment.  But the puddled layers were not replaced during the repairs.  

 

Figure 4.  Undated photo taken after the 1862 partial dam failure but before the 1889 flood.  View is toward due south.  

After the repairs, large riprap is missing from the downstream center of the dam but is clearly seen on the eastern (left) 

and western (right) sides of the original embankments.  Note the lesser amount of vegetation on the repaired section (zone 

above dashed white line).  The house site at lower left now lies beneath a bridge foundation on Interstate 219.  Base image 

modified from Plate LIIIA of Francis et al. (1891) and also available from the Johnstown Heritage Association at: 

http://jaha.org/edu/flood/why/img/dam_gallery/pages/southfork_dam.html.  [Accessed 3/2/2016] 

Another major change was the lowering of the dam crest, reportedly to widen the carriage road on 

top (Francis et al., 1891, p. 446), but the lowering of the crest was also an obvious expedient to quickly get 

material to begin repair the partial breach of 1862 (Kaktins et al., 2013).  We believe that was the primary 

reason for lowering the crest.  The 

lowering of the dam crest is nicely 

shown even today by the fact that 

large riprap boulders on the intact 

eastern embankment stand higher 

than the present-day crest (Figure 

5).  Only a few large riprap remain 

near the crest on the western dam 

remnant.  That area was accessible 

by road in later years, and we 

believe most of the boulders along 

that crest were long ago removed 

for other purposes.  Unfortunately 

for the SFFHC, the initial material 

stripped from the dam crest and 

used to fill the 1862 breach was 

Figure 5.  View along crest of the eastern dam remnant, looking westward 

toward the observation platform.  This part of embankment represents 

original construction.  Large riprap from the original construction is still in 

place, standing more than 0.6 m higher than present crest, as a result of the 

embankment crest being lowered as much as 0.9 m by the SFFHC.  White ruler 

on rock is 0.33 m long (photo by N. Coleman). 

http://jaha.org/edu/flood/why/img/dam_gallery/pages/southfork_dam.html
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washed out by heavy rains in December 1879.  Additional changes included the construction of a bridge 

over the mouth of the spillway and the installation of a boom and fish screens at the bridge.  These features 

would have had the effect of somewhat reducing the main spillway discharge capacity.   

[See full paper for details on the development of the following figures] 

 

Figure 9.  LiDAR-based storage-elevation curve for Lake Conemaugh.  The highest point on the curve represents an 

overtopping level of 493.5 m for the South Fork dam as originally built.  Data Source: PASDA (2013a, b). 

 

 

Figure 12.  Discharge capacity for the South Fork dam as originally designed, with crest ~1 m higher.  The base level of 

this chart is ~490.4 m which is our estimate of the modern-day elevation of the subsoil spillway crest (see Section 2.3.2 of 

full paper).  Overtopping would have occurred at ~493.5 m (NAVD 88) if the dam had been rebuilt to its original crest 

height.  The spillway flow level would have been ~0.1 m less. 
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Figure 15.  Dam breach discharge hydrographs for the 1889 flood.  Red dotted line represents scenario where the entire 

breach formed instantly.  Solid black line includes 15% increase in initial discharge to incorporate uncertainty (see text of 

full paper).  These calculations represent maximum theoretical discharge through the breach and spillway, with Qp ~8970 

to 10,300 m3 s-1.  Dashed black line represents early-time discharge from only the top 13.4 m of the breach.  This line intersects 

the vertical axis at ~7100 m3 s-1.  Adding ~100 m3 s-1 for the spillway and ditch yields the minimum Qp of ~7200 m3 s-1. 

 

Figure 16.  Lake stage hydrographs for Johnstown Flood of 1889.  Curves are plotted for three different lake inflow rates.  

Dotted lines represent cases where the entire complex breach formed rapidly, which would have drained the lake in the 

shortest time.  Plot of open circles includes 15% increase in initial discharge rate to incorporate uncertainty (see text of 

full paper).  Dashed line shows hypothetical lake stages if only the upper 13.4 m of the breach had formed.  The zone 

between the dashed and dotted lines represents a family of curves for all plausible erosion times for the lower 7.9 m of the 

inner breach. 
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Table 4.  Summary of key data for the South Fork dam and watershed. 

Dam comparisons Original dam Rebuilt dam 

Embankment height                        72 ft (22 m) ≤70 ft  (~68-69 ft in center) 

Overtopping elevation (NAVD 88)        ~493.5 m ~492.5 m (~1616 ft); lake level 
at time of dam breach 

Discharge capacity (Q) at overtopping  

         Main spillway ~151 m3 s-1 ~86 m3 s-1 

         Auxiliary spillway ~26 m3 s-1 ditch ~ <10 m3 s-1 

         Five discharge pipes    ~20 m3 s-1 0 m3 s-1 

         Total Q ~197 m3 s-1 (6954 cfs) ~96 m3 s-1 (3430 cfs) 

Estimated time of embankment 
overtopping 

Would not have overtopped ~11:30 a.m. (actual) 

Spillway floor elevation (NAVD 88) ~490.4 m (crest) ~490.4 m (crest) 

Hydraulic and basin data   

Basin drainage area above Lake 
Conemaugh 

~53 mi2 (137 km2) (Brua, 1978) 

Time of concentration (tc), South 
Fork of the Little Conemaugh R. 

3.6 to 7.3 hr 
 

Time to peak inflow to lake after 
period of most intense rainfall 

2.5 to 5.1 hr (≤7.3 hr in extreme events) 

Rate of lake rise ~10:30-11:30 a.m. 
just before initial overtopping of 
dam  

~9 in hr-1 (J. Parke; Francis et al., 1891, p. 449)  
[corresponds to lake inflow of 115 m3 s-1 beyond main spillway 
capacity of rebuilt dam] 

Estimated peak lake inflow before 
11:30 a.m.       

201 m3 s-1 [spillway (86) + excess inflow (115)] 
[inflow of 216 m3 s-1 used in our analysis to reduce chance of 
underestimating inflow] 

Volume of lake at time of 1889 
dam breach      

1.455 × 107 m3 (below stage 492.56 m, NAVD 88) 

Time to drain lake to base of the 
upper breach    

≥ 65 minutes 
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5. Discussion 

We respectfully disagree with the ASCE committee that reviewed the cause of the failure of 

the dam (Francis et al., 1891).  They had concluded that the modifications to the dam by the 

SFFHC “…cannot be deemed to be the cause of the late disaster as we find that the embankment 

would have been overflowed and the breach formed if the changes had not been made.”  We 

question the committee’s conclusions for five reasons:   

First, if the drainage pipes had been replaced they would have been opened early on May 31st 

to their maximum capacity, which would have reduced the rate of rise observed by Parke.  The 

issues noted earlier about possible hydrodynamic damage to the pipes and culvert would not 

have been a concern because releases from the dam were no longer needed to supply water to a 

canal.  Therefore newly installed pipes and a repaired culvert would only have been used during 

floods or to lower lake levels to allow embankment repairs.  Second, the committee failed to 

recognize that the dam likely had been lowered by the SFFHC more than 0.6 m, probably as much 

as 0.9 m, including settling of the embankment.  The storage-elevation curve (Figure 9) shows 

that an added 0.9 m of lake stage could have stored an additional 1.6 million m3 of water without 

overtopping.  Third, in the original design the main spillway would have had much greater 

discharge capacity and the discharge pipes and auxiliary spillway would have been functional, 

but the committee never acknowledged that this smaller spillway even existed.  Fourth, contrary 

to the committee’s claims of an increasing rate of rise of the lake stage until dam failure, there is 

evidence that flood levels in both the South Fork and the Little Conemaugh River had stabilized 

and begun to fall, if only slightly, by 12:00-1:00 pm, suggesting that the time of concentration and 

peak in the runoff hydrograph had occurred hours before the dam breach.  And fifth, the poor 

reconstruction of the older dam breach did have several adverse consequences.  Apart from the 

fatal lowering of the dam crest, the random-fill technique used to fill the previous breach (rather 

than the clay “puddling” method) was a major factor in the disaster by making it possible for a 

large portion of the dam’s core to become saturated during high lake stands.  The committee itself 

reported (Francis et al., 1891, p. 454) that “All the material put in [by the club]…to repair the 

breach of 1862, appears to have been washed out, together with part of the old embankment…”  

They also reported (p. 454) that exposed parts of the original dam showed that they “…offered 

great resistance to washing and that [the work] was originally selected and put in with the 

requisite care to make a sound embankment.”   

We prepared Figure 18 to clearly show how the dam as originally built would have resisted 

overtopping on May 31, 1889.  Even if extremely high lake inflows had continued unabated, 

overtopping of the dam at its original design height would have been averted for 14 hrs.  In the 

absence of alternate failure mechanisms such as piping, the dam would have been preserved 

because lake inflows would have substantially diminished during the afternoon and evening.  In 

the actual event, if the estimated peak inflow had time to fall just 9%, from ~216 to ≤197 m3 s-1, 

overtopping would have been entirely prevented had the dam been rebuilt to its original height.  

Figure 18 also reveals that had the reconstructed dam been built only 0.6 m higher, overtopping 

would have been delayed more than 7 hrs. even at the high and constant inflow rate assumed to 

develop this figure.   
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Figure 18.  Graph showing time needed to reach various hypothetical lake stages.  Graph was prepared using the 

discharge capacity curves in Fig. 12 with the storage elevation curve in Fig. 9.  The plotted times assume that a constant 

lake inflow of ~216 m3 s-1 would continue for many hours.  Even in this extreme and unrealistic scenario, the nonlinear 

increase in spillway and pipe flow capacities and rise in lake storage would have averted overtopping for ~14 hours.  In 

reality the dam would never have been overtopped.   

It is not well known that the reliability of the South Fork dam was tested just a few years after 

it was completed, when in the spring of 1856 the reservoir overflowed at an unspecified place 

after a rapid snowmelt (Unrau, 1980, p. 51).  We have not found details about where the overflow 

occurred, but given the higher dam crest it must have flowed through the auxiliary spillway on 

the western abutment.  With the dam at it design height the reservoir appears to have performed 

as intended, with two functioning spillways and the discharge pipes also probably opened.  A leak 

in the dam was reported at that time but was soon repaired.  In fact, the Pennsylvania State 

Engineer inspected the South Fork dam later that year.  “The Western Reservoir [Lake 

Conemaugh] was examined and found to be in excellent condition.  It furnished a sufficient supply 

of water to keep up the [canal] navigation when other sources had entirely failed” (Gay, 1856, p. 

16).  He had reported that the spring floods severely damaged other impoundments in the region, 

including Piper’s and Raystown dams on the Juniata River.  Eighty-foot breaches occurred in both 

of these dams. 

There are useful insights to be gained from the resilience of another earthen dam in the region 

that was built with a “puddled” clay core.  This dam was on Mill Creek four miles from Johnstown, 

and it survived the May 1889 event.  We know this from the minutes of the Board of Trade and 

Citizens Meeting, June 19, 1891, which state that the dam was 310 ft long and 25 ft high, built in 

1834 with a spillway 44 ft wide and a “puddle wall” 7.5 ft wide within the center of the dam.  The 

minutes go on to document that a “freshet” [flood] occurred on July 2, 1889 and that the spillway 

was insufficient to carry the flow.  The whole dam was overtopped by this flood but it did not fail, 

providing an example of the resilience of the original “puddle wall” construction technique.  
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Unfortunately, the SFFHC did not use this technique to repair the South Fork dam.  Kaktins et al. 

(2013) argue that the fill contained plastic clays, which when wetted would have had very low 

shear strength.  Therefore, liquefaction effects may have been largely responsible for the very 

rapid upper breach formation. Francis et al. (1891, p. 446) commented that hauling fill by [horse] 

teams over the freshly deposited material “…made a fairly compact embankment on the upper 

side of the stone embankment.”  But since there was a definite sag in the central, filled portion of 

the embankment any compaction was of a limited nature.   

It is interesting to compare the committee’s conclusions about the South Fork dam (Francis 

et al., 1891) to their earlier investigation of the Mill River dam failure in Massachusetts (Francis 

et al., 1874; Sharpe, 2004).  James Francis and William Worthen served on both committees. The 

members criticized the material used to make the Mill River embankment, and that it could not 

be relied on to make the structure water-tight.  During the construction there “…was no sufficient 

inspection, so peculiarly important in a work of this description…”  “The remains of the dam 

indicate defects of workmanship of the grossest character.”  In the discussion section, member 

Worthen went on to write:  

Men were employed who were ignorant of the work to be done, and there was 

nothing like an inspection, although money and life depended upon it.  I do not 

believe, however much we are an evolved species, that we are derived from 

beavers; a man cannot make a dam by instinct or intuition.      

Neither Worthen nor Francis reflect this philosophy in their role 16 years later as 

investigators of the South Fork dam failure.  The need for engineering inspection and water-tight 

embankments was equally important during the SFFHC’s repair of the South Fork dam.  And yet, 

when confronted with the many changes made to that dam and the poor methods used to repair 

the embankment, including lack of engineering inspection, Francis et al. (1891) concluded that 

the changes and repairs to the dam were not responsible for the disaster.  They even went so far 

as to conclude that if the embankment had been rebuilt to its original height the result may have 

been greater loss of life.  Clearly there were inconsistencies in philosophy between the ASCE 

reviews of the South Fork and Mill River dam failures.   

Despite numerous lawsuits, the SFFHC was never found financially liable for losses of life or 

damages.  One reason for this was that Benjamin Ruff, who supervised the rebuilding of the dam, 

had died two years before the 1889 dam breach and could not be held accountable.  Most of the 

legal actions ended before publication of the ASCE report by Francis et al. (1891). 

6. Conclusions 

We calculate a LiDAR-based volume of 1.455 × 107 m3 for Lake Conemaugh at the time of the 

1889 dam breach.  The peak discharge was likely in the range from 7200 to 8970 m3 s-1, with the 

lower part of this range being more likely because the deepest part of the complex breach may 

have formed gradually.  Considering uncertainty, we estimate an upper limit on the peak 

discharge of 10,300 m3 s-1.  The reservoir took more than an hour to drain, contrary to older 

claims that the lake drained in 45 min.  If the entire complex breach formed rapidly, more than 

65 min would have been needed to drain the lake to the floor of the upper breach.  Part of the 

lake would still have been nearly 8 m deep at that time.   
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In analyzing topographic surveys at the site we found that the 1889 dam survey elevations 

are systematically 1.9 m (6.2 ft) lower than the modern GPS reference frame.  Another of our 

findings is that soil genesis on the bare rock spillway has produced as much as half a meter of soil 

in >120 years following the dam breach.  The average rate of soil accumulation exceeds 4 mm yr-1. 

Although Francis et al. (1891) stated that the mode of repairing the breach was not according 

to best practice, they nonetheless concluded that “…failure of the dam cannot be attributed to any 

defect in its construction.  The failure was due to the flow of water over the top of the earthen 

embankment, caused by the insufficiency of the wasteway…”  However, we find that the changes 

made to the South Fork dam were indeed responsible for the disaster, having altered its original 

design and rendered it highly vulnerable to overtopping.  The dam could indeed have survived 

the rainfall event of May 30-31, 1889 had it been maintained as built in 1853 with a higher crest, 

a functioning second spillway, five drainage pipes, proper well-compacted fill with puddle layers, 

riprap replacement of proper size, and no bridge or fish screens across the main spillway.  The 

discharge capacity of the original dam was more than twice that of the reconstructed dam.  The 

dam as originally designed could have averted overtopping for as much as 14 hours even under 

extreme conditions of inflow duration and rate.  Such extreme conditions did not exist because 

observations of local streams indicate that flows into Lake Conemaugh peaked hours before the 

dam breach.  We therefore disagree with the main conclusion of Francis et al. (1891), that the 

dam failure was inevitable.  They placed too much reliance on several estimates for the rate of 

rise of the water and the implied excess flow into the reservoir.  This seems unusual given James 

Francis’ expertise in flood control and weir calculations and his practical knowledge of river 

behavior in flood, from the rapid rise to peak discharge and the relative speed of flood recessions.  

The committee assumed flow depths in the spillway that were implausible, based on evidence 

from the dam remnants that they themselves visited (i.e., preserved plow furrow on crest).  Their 

unsupported assumption of protracted, extreme lake inflow before and after the dam breach led 

to their conclusion about the non-survivability of the dam.    

We believe the investigation report represented state-of-the-art in 1891, with review of the 

embankment design and history, careful surveys and photographic documentation of the dam 

site, hydrologic analyses, and the inclusion of alternate views of the dam failure and site 

characteristics.  However, we are puzzled that the 1891 conclusions are not consistent with 

evidence easily available to the committee.  Their report (Francis et al., 1891) contains no 

reference to a second spillway.  We find it difficult to believe that the original auxiliary spillway 

at the southwest abutment was unknown to the committee, given their review and 

documentation of the engineering specifications for the dam.  They visited the dam site at a time 

when the original excavations on the western abutment should still have been apparent, and, 

most importantly, obtained a detailed post-flood survey of the dam remnants (Figs. 6 and 7 – see 

full paper) that clearly showed the southwest abutment was lower than the dam crest, even after 

the entire crest had been lowered by the SFFHC.  In fact, Francis commented that “…near the ends 

[of the dam] there were ascents to the level of the top of the dam.” (Francis et al., 1891, p. 468).  

The committee also received a report of the magnitude of flow that occurred over the left 

abutment after the digging of a shallow ditch, before flow had overtopped the crest.  Yet, it 

appears none of the committee members perceived this clear evidence of an auxiliary spillway 

which would have functioned effectively given the original, higher dam breast.  This spillway 
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would have been more apparent before the construction of a parking lot at the western abutment 

circa 1977.  

  The confidence with which the committee stated the dam would have failed in any event 

was unwarranted.  They made no comment about the smaller riprap used on the downstream 

face of the dam, even though the size difference was obvious in photographic Plate LIIIA of their 

report.  The committee went so far as to conclude that had the dam been rebuilt to its original 

height, the dam breach could possibly have been more disastrous due to the larger impounded 

volume.  They even suggested that lowering the dam widened the crest, and that its use as a road 

must have increased its resistance to breaching.  But any improvement in resistance from using 

the crest as a road would have been insignificant compared to the unparalleled benefits of 

maintaining the higher crest.  The combination of increased storage and more than doubled 

discharge capacity would have prevented overtopping long enough to protect the South Fork 

dam.   

The ASCE review of the South Fork dam (Francis et al., 1891) and supporting calculations 

appear to us to have been biased in favor of the dam owners, thereby helping to shield the SFFHC, 

in a historic engineering sense, from subsequent liability claims or even the perception of liability 

in the wake of the disaster.  We believe an injustice was thereby done to the more than 2200 

people who lost their lives and to the survivors.  The ASCE publication by Frank (1988) provided 

an updated perspective on the cause of the flood, but did not include supporting hydraulic 

calculations.  J. Wesley Powell (1889), director of the U.S. Geological Survey, wrote “The Lesson 

of Conemaugh” in which he discussed the importance of dams and factors to consider in their 

design, including basin analysis and gaging of precipitation and streams.  The disaster thereby 

brought new attention to the safety of existing and future dams, undoubtedly saving many lives 

in the future. 
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refer to Stop 1 description & paper in the Guidebook: Lucerne Coal Refuse Site Cambria Reclamation Corp. 
Center Township, Indiana County – Reclamation via Coal Refuse Fired Electric Generation Units 

APPENDIX A 

ARIPPA WHITE PAPER ON COAL REFUSE 

 

What is coal refuse? 

The Environmental Protection Agency (EPA) describes coal refuse as waste products of coal 

mining, physical coal cleaning, and coal preparation operations containing coal, matrix 

material, clay, and other organic and inorganic material. Others have described coal refuse as a 

by-product of coal mining activities, not including overburden, which has been spread on the 

land. Coal refuse piles vary from a few to hundreds of acres of unreclaimed mine lands. 

Pennsylvania regulations define coal refuse as “…any waste coal, rock, shale, slurry, culm, 

gob, boney, slate, clay and related materials, associated with or near a coal seam, which are 

either brought aboveground or otherwise removed from a coal mine in the process of mining 

coal or which are separated from coal during the cleaning or preparation operations. The term 

includes underground development wastes, coal processing wastes, excess spoil, but does not 

mean overburden from surface mining activities.” 

Where was and is coal refuse placed? 

Because it is a by-product of coal mining operations, coal refuse is located throughout the coal 

regions of Pennsylvania and other coal producing states. Pennsylvania’s coal regions are shown below: 
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Pennsylvania’s coal miners have extracted 

approximately 16.3 billion short tons of 

anthracite and bituminous coal from the state’s 

mines since commercial mining began in 1800. 

While mines permitted under the 1997 Surface 

Mining Control and Reclamation Act (SMCRA) 

are required to be reclaimed after the coal is 

extracted and processed, many pre-SMCRA 

mines were abandoned without any 

reclamation. These sites are referred to as 

Abandoned Mine Lands (AML). 

In Pennsylvania, there are more than 5,000 

abandoned, unreclaimed mining areas 

covering approximately 184,000 acres.  The 

coal refuse piles at these abandoned mine lands cover an aggregated area of 8,500 acres and 

contain a total volume of more than 200 million cubic yards. 

The total amount of coal refuse in Pennsylvania is unknown. Based on the known amount on 

abandoned mine lands and estimates of the amount of coal refuse associated with historical 

mining operations, the amount is between 200 million and 8 billion cubic yards. It has been 

speculated that the amount of coal refuse is approximately 2 billion cubic yards split almost 

equally between the anthracite and bituminous coal regions. 

What problems do unreclaimed coal refuse sites cause? 

Land 

The coal refuse piles are scattered across 

the landscape next to communities, rivers and 

streams and sometimes fill entire valleys.  

These piles are unsightly and scar the 

landscape and some areas look like 

moonscapes.  The piles also tend to attract 

dumping and other activities increasing the 

potential for nuisances such as starting the 

coal refuse piles on fire.  Abandoned coal 

mines and coal refuse piles cause many 

adverse impacts to surrounding land.  

Unstable coal refuse piles may collapse and 

threaten the safety of nearby communities and 

the scenic and recreational quality of the 

landscape is ruined.  Properly reclaimed coal 

refuse sites can and have returned the land to 

productive uses including wildlife habitat, 

recreational opportunities and commercial 

development. 

Typical coal refuse pile on abandoned mine lands. This site 

is Mine 37 located near Windber, PA along the Paint Creek. 

Large coal refuse pile on an abandoned mine land located 

directly in the community of Nanty Glo, PA. These piles 

often attract use of recreational vehicles and other 

dangerous activities, which causes a safety concern. 
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Water 

More than 3,300 miles of streams in 

Pennsylvania are impacted by Acid Mine 

Drainage (AMD), according to the United 

States Geological Survey (USGS).  This is the 

result of AMD from both mine discharges as 

well acid runoff from coal refuse piles, as 

shown in this photograph. The acid mine 

drainage discharges, resulting from the 

oxidation of pyrites and maracites (iron-

sulfide minerals), significantly impact water 

quality in the streams into which these 

contaminated waters flow. The acidic 

discharges contain iron, manganese, aluminum along with other metals and materials which 

become more readily soluble due to the increased acidity. The run-off from precipitation in 

addition to being acidic and contaminated by metals, contains silt which is a pollutant as well. 

This acidic contaminated discharge creates water pollution and negatively affects the ability of a 

stream to support and aquatic life. The chemistry of oxidation of pyrites in a coal refuse pile is 

very complex. Although a host of chemical processes contribute to acid mine drainage, pyrite 

oxidation is by far the greatest contributor. The net effect of these reactions is to release hydrogen 

ions (H+), which lowers the pH and maintains the solubility of the ferric ion in the water. These 

reactions can occur spontaneously or can be catalyzed by microorganisms that derive energy 

from the oxidation reaction. 

AMD entering a stream from a nearby coal 

refuse pile causes the stream to turn orange in 

color due to the iron precipitating out of 

solution as the solid iron hydroxide (Fe(OH)2). 

In many streams affected by AMD, the iron 

hydroxide covers the entire stream bed and 

rocks. 

During 200 years of coal mining, 

Pennsylvania produced more than 25 percent 

of the nation's total coal output and presently 

ranks fourth in the nation in annual coal 

production by state.  Pennsylvania’s coal 

regions are located within, or extend into, the four major river basins in Pennsylvania – the Ohio, 

Susquehanna, Potomac, and Delaware River Basins. Bituminous coal deposits underlie western 

and north-central Pennsylvania, and anthracite deposits underlie east-central and northeastern 

Pennsylvania. 

As noted in the DEP Citizens Advisory Council’s Transition Report to the incoming State 

administration, Pennsylvania faces a documented abandoned mine land inventory cost of $16.1 

billion.  Of this amount, reclaiming coal refuse piles represents approximately $2 billion or more. 
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By comparison, federal abandoned mine land (AML) funding grants fell by 15% last year, and 

in 2014 only provided around $50 million toward abatement of such hazards. Under the current 

federal AML program, coal refuse piles receive relatively low priority and very limited funding; 

and the finding from the federal AML program is expected to continue to fall as reclamation fees 

from ongoing mining diminish. 

Air 

Coal refuse sites historically and currently catch 

fire. Coal refuse fires typically start as a smoldering, 

oxygen starved fire producing the necessary oxygen 

from the generation of steam from the moisture in 

the coal refuse.  Slowly, as the fire continues to 

develop, avenues for oxygen migration through the 

refuse expand resulting in flames. Combustion of the 

coal refuse allows uncontrolled toxic air pollutants 

and greenhouse gases to be emitted into the 

atmosphere.  The toxic air pollutants are a particular 

health and safety problem in the proximity of the 

coal refuse fires.  

The oxidation of pyrites produces an exothermic 

reaction which produces the heat that causes the 

carbonaceous material in the coal refuse pile to 

ignite and burn. The temperature within a coal 

refuse pile (or portions of a pile) will increase when 

more oxygen is available to cause oxidation but the 

amount of air circulating in the pile is insufficient to 

provide for the dissipation of heat. The temperature 

of the refuse increases until the ignition 

temperature of the carbonaceous material in the 

refuse is reached. At this point the coal refuse pile 

spontaneously combusts releasing the various 

uncontrolled air pollutants into the air of the near-

by community.  

Pennsylvania has identified more than 40 coal 

refuse piles that are currently burning and at some 

point will need to be addressed. This does not 

include underground mine fires. In 2014, the 

PADEP’s Abandoned Mine Land Program spent 

$2,213,477.80 in emergency funds to extinguish and 

reclaim the Anthracite Region’s Simpson Northeast 

coal refuse fire located in Fell Township, 

Lackawanna County. 

Depiction of uncontrolled combustion byproducts 

commonly referred to as “red-dog”. 
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Pennsylvania was the first state to pass a law to address the air pollution associated with coal 

refuse disposal entitled “The Coal Refuse Disposal Control Act, Act of September 24, 1968, P.L. 1040, 

No. 318.” This has allowed the Commonwealth to address active coal refuse pile fires and to attempt 

to prevent additional coal refuse piles from catching fire. While the efforts have met with success, 

new coal refuse fires continue to occur. 

The EPA (1978 Study) identified the uncontrolled emissions from burning coal refuse piles. 

The following pollutants were listed:  

(1) criteria pollutants (total particulates, respirable particulates, nitrogen oxides, sulfur 

dioxide, sulfur trioxide, hydrocarbons, carbon monoxide, and mercury);  

(2) non-criteria pollutants (ammonia, hydrogen sulfide, polycyclic organic materials); and  

(3) trace elements (arsenic, boron, silicon, iron, manganese, magnesium, aluminum, calcium, 

copper, sodium, titanium, lead, tin, chromium and vanadium) 

The USGS Report entitled “Emissions from Coal Fires and Their Impact on the Environment” 

identified the following: 

 “…Self-ignited, naturally occurring coal fires and fires resulting from human activities 

persist for decades in underground coal mines, coal waste piles, and unmined coal beds. 

These uncontrolled coal fires occur in all coal-bearing parts of the world (Stracher, 2007) 

and pose multiple threats to the  global environment because they emit greenhouse 

gases—carbon dioxide (CO2), and methane (CH4)—as well as mercury (Hg), carbon 

monoxide (CO), and other toxic substances…” 

 “…In the United States, the combined coast of coal fire remediation projects, completed, 

budgeted, or projected by the Office of Surface Mining Reclamation and Enforcement, 

exceeds $1 billion, with about 90% of that in two States—Pennsylvania and West 

Virginia… Altogether, 15 States have combines cumulative OSM coal-fire project costs 

exceeding $1 million….” 

 “…Direct hazards to humans and the environment posed by coal fires include emission 

of pollutants, such as CO, CO2, nitrogen oxides, particular matter, sulfur dioxide, toxic 

organic compounds, and potentially toxic trace elements, such as arsenic, Hg, and 

selenium (Finkleman, 2004). Mineral condensates formed from gaseous emissions 

around vents pose a potential indirect hazard by leaching metals from mineral-encrusted 

surfaces into nearby water bodies…” 

What is Pennsylvania’s experience with reclaiming coal refuse sites? 

Over the last 50 years, Pennsylvania’s experience has evolved. The commonwealth 

established and implemented “Operation Scarlift” in the 1960s and 1970s to address 

environmental damage from   mining operations and today participates in the U.S. Department 

of the Interior’s Abandoned Mine Land Reclamation Program, which utilizes money from 

industry to reclaim abandoned mine lands. 

Reclamation costs, based on PADEP AML Program experience, varies between $40,000 per 

acre to $100,000 per acre. These costs are tied to the physical reclamation (grading, covering 

with soil, and planting vegetation) of a site.  These costs do not address the treatment of AMD 
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or the elimination of the threat of future fires. Using these cost-per-acre projections to reclaim 

sites, the physical reclamation of coal refuse sites of different acreage would be: 

a. 20 acres $800,000 to   $2,000,000 

b. 50 acres $2,000,000 to $5,000,000 
c. 100 acres $4,000,000 to $40,000,000 

To reclaim these sites properly requires more than just planting vegetation such as beach 

grass. The sites need to be examined and plans developed to address water pollution problems, 

proper grading and controls and the proper use of vegetative sustaining cover using indigenous 

vegetation. 

Frequently the PADEP’s Abandoned Mine Land Program must utilize emergency funds to 

remediate coal refuse piles that have become a health or safety hazard. Examples include 

unstable or literally collapsed coal refuse piles as well smoldering or open flame fires.  One 

experience occurred in 2014 with the Simpson Northeast Refuse Fire, Fell Township in 

Lackawanna County when the coal refuse pile that had been smoldering ignited in flames. The 

department had to expend $2,213,477.80 in emergency funds to extinguish the fire and reclaim 

the pile by grading, covering with soil and planting vegetation. 

To extinguish a coal refuse fire, the burning coal refuse must be removed, spread out, and 

water or other chemicals used to quench the flames. After the fire is extinguished, the coal refuse 

is re-deposited by spreading and compacting, with the addition of alkaline materials as necessary 

to neutralize the residual acidic materials. The site is then covered with soil and re-vegetated. 

Hydrologic controls are also constructed, however, there is no money allocated to provide long-

term discharge treatment for pollutants that have not been remediated. 

What must be considered in the reclamation of coal refuse piles? 

To properly reclaim coal refuse piles, the following, at a minimum, need to be addressed: 

 water pollution from run-off and acid mine drainage discharges 

 site stabilization including re-grading to insure the stability of the site as well as 

properly managed water run-off 

 covering with vegetative supporting material 

 planting with vegetation to support the final land use 

 

The reclamation engineering design must include: 

 Installation of hydrologic controls 

 Installation of wet land treatment systems for small volume discharges 

 Grading and compacting 

 Covering of the site with 1 to 4 feet of soil 

 Adjusting the soil acidity with alkaline materials 

 Addition of fertilizers 

 Vegetate consistent with the local flora 
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 As the photograph shows, even after several years the site is still void of vegetation.   

Reclamation of a coal refuse site requires far more effort and expenditures than simply planting 

a species such as beach grass that may survive 

in that hostile environment.  In that situation, 

the surface water, ground water and air 

pollution issues still would exist. The only 

problem that may be addressed by that 

solution is purely a cosmetic one in that the 

view of the coal refuse pile is not as stark. 

The photograph also shows water 

pollution in the form of run-off and mine 

drainage (orange tinted water to the right and 

bottom of the pile) that is being caused by this 

abandoned coal refuse site. It is a site that 

previously experienced a fire, as evidenced by 

the red-dog (red color material on the top and right side of the pile). The site also has steep slopes 

that are eroding and will cause future stability concerns. Further, water accumulates on the pile 

and causes concentrated mine drainage to flow in the nearby stream. 

Alternative Solution for reclaiming coal refuse impacted areas 

Another approach to reclamation of coal refuse piles and the areas affected by them is 

through the utilization of coal refuse as a fuel. This solution addresses water pollution, potential 

coal refuse fires, and reclamation of coal refuse affected sites. Coal refuse can be an effective fuel 

in facilities designed to burn coal refuse in a controlled manner minimizing environmental 

impacts.  If coal refuse from these sites is used as fuel, the coal refuse is removed, processed, 

burned and the resultant ash beneficially used to remediate the residual acidity at the site. When 

reclaimed in this fashion, all of the problems associated with coal refuse piles are permanently 

addressed. The EPA has described the benefits of coal refuse-fired electric generating units: 

 “Coal refuse (also called waste coal) is a combustible material containing a significant 

amount of coal that is reclaimed from refuse piles remaining at the sites of past or 

abandoned coal mining operations. Coal refuse piles are an environmental concern 

because of acid seepage and leachate production, spontaneous combustion, and low soil 

fertility. Units that burn coal refuse provide multimedia environmental benefits by 

combining the production of energy with the removal of coal refuse piles and by 

reclaiming land for productive use. Consequently, because of the unique environmental 

benefits that coal refuse-fired EGUs provide, these units warrant special consideration so 

as to prevent the amended NSPS from discouraging the construction of future coal refuse-

fired EGUs in the U.S.” 

Following are examples of before and after pictures of coal refuse pile reclamation projects 

performed by coal refuse fired plants: 
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GALLITZIN SITE – Allegheny Township, Blair County 

BEFORE RECLAMATION AFTER RECLAMATION 

  

ERNEST SITE – Rayne Township, Indiana County 

BEFORE RECLAMATION AFTER RECLAMATION 

  

ACOSTA SITE -- Jenner Township, Somerset County Permit 

BEFORE RECLAMATION AFTER RECLAMATION 
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NORTHAMPTON’S HUBER SITE – Hanover Township, Luzerne County 

BEFORE RECLAMATION AFTER RECLAMATION 

  

PANTHER CREEK – Nesquehoning Borough, Carbon County 

BEFORE RECLAMATION AFTER RECLAMATION 

  

 

What processes do coal refuse-fired units use to solve the problems associated with 

abandoned coal refuse sites? 

The re-mining of coal refuse piles in accordance with surface mining regulations provides for 

the reclamation of the energy remaining in this material. Because these sites had discharges to 

surface and ground waters, the companies are required to develop abatement plans. These 

abatement plans rely upon the use of acid-forming coal refuse being used as fuel in a fluidized 

bed combustion boiler or circulating fluidized bed boiler (CFB). The removal of the coal refuse 

results in the elimination of the AMD. The CFB Units are designed to fire coal refuse with 

limestone to control acid gas emissions, primarily sulfur dioxide (SO2), while producing an 

alkaline byproduct (coal ash) that can be beneficially used for mine land reclamation. 
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The figure below depicts the typical processes used to reclaim a coal refuse site using a coal 

refuse-fired CFB boiler. The coal refuse material is processed at the mine site by screening to 

remove rock and other inert materials. The finer material is used as fuel for the alternative energy 

power plant where limestone is added to the furnace to control acid gas emissions. The resulting 

ash material, which meets the beneficial use criteria, is returned to the mine site and mixed with 

any unusable coal refuse material as a means to neutralize any remaining acidic materials. The 

materials are then compacted in place to contours as described in the surface mining permit. 

 

The reclamation of the piles remediates the acidic drainage that comes from the coal refuse 

pile in two ways. Typically 75 percent or more of the coal refuse is moved off site as fuel for the 

alternative energy plant meaning the majority of the acidic materials and the resultant water 

pollution is removed from the nearby waterways. The remaining acidic material is neutralized 

by the beneficial use ash and compacted in place according to the contours defined in the surface 

mining permit.  In addition, most of the      water runoff in the area is diverted to flow around the 

reclaimed area rather than through the site. Consequently, the previous pollution released from 

an unreclaimed coal refuse pile is addressed both by reducing the quantity of water flow from 

the now reclaimed pile as well as by the improved quality of the runoff. The quality of the runoff 

is improved by removing the acidic materials that would normally dissolve the metals that exist 

in the coal refuse piles as well as through the change in the solubility of these materials due to 

the change in acidity at the site.   As such the concentration of the acidity as well as the metals 

such as iron, aluminum, and manganese in surface and groundwater releases are significantly 

reduced. 

What is the air emission profile of a coal refuse-fired CFB boiler? 

Coal refuse-fired units convert coal refuse into steam and electricity by burning the fuel in a 

highly controlled and regulated fashion, using a specialized type of technology, circulating 

fluidized bed boiler (CFB) with limestone injection for acid gas control. These units are also 

equipped with fabric filter systems to control filterable particulate matter (FPM) emissions. The 

coal refuse-fired units control emissions of SO2, nitrogen oxides (NOx), air toxics, FPM and total 

particulate matter (TPM). 

These units are some of the lowest emitters of mercury and FPM. That is evidenced in their 

use in the development of the MATS rule. Multiple coal refuse-fired units were included in 

Maximum Achievable Control Technology (MACT) Floor calculations (top 12% performing units) 
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used to establish the emission standards for mercury and non-mercury metals. The result of the 

inclusion of these coal refuse-fired units resulted in lower MATS emission standards for mercury 

and non-mercury metals (including the FPM surrogate) than would have otherwise been 

established. While the coal refuse may be higher in mercury content, coal refuse fired units are 

very low emitters of mercury and are a primary reason why the MATS mercury emission rates 

are low for all coal-fired units. 

In addition, the emissions of greenhouse gases from these units can be considered as offset 

due to the eventual in-place burning of the coal refuse piles. Coal refuse fires also result in the 

uncontrolled release of the same pollutants that these plants control with high removal rates. 

Because these units provide electricity to the grid they also reduce emissions from other fossil 

fuel-fired EGUs which otherwise would be operating. The reclamation and re-vegetation of coal 

refuse sites also results in the expansion of green spaces which aids in the sequestration of GHGs. 

What are coal ash or Coal Combustion Residuals (CCR) and how can they be beneficially 

used for reclamation of coal refuse sites? 

EPA has classified coal combustion residuals (CCRs), also called coal ash, as non-hazardous. 

Further, EPA has stated that due to the unique characteristics of surface mine reclamation the 

regulations are not applicable to the utilization of coal ash in coal mine land reclamation but EPA 

will be working with the Federal Office of Surface Mining Reclamation and Enforcement in the 

development of their rules.  This office has been reviewing and analyzing various state programs 

including Pennsylvania as part of their process to develop rules that reflect best practices. Under 

the Pennsylvania Regulatory Program, the beneficial use of coal ash in coal mine land reclamation 

is a two-fold program. 

The first component of Pennsylvania regulatory program is the certification and ongoing 

recertification of the coal ash for having a beneficial use in coal mine land reclamation. The coal 

ash certification process involves a comprehensive review of the source of the coal ash and an 

ongoing evaluation of the physical, chemical and leaching properties of the ash both at the point 

of generation and the where the coal ash is placed. Coal ash and coal ash leachate are analyzed 

for 37 different chemical constituents and properties. The ash leachate must consistently contain 

concentration levels lower than the certification requirements set forth in the regulations in 

order to be approved for statewide beneficial use at coal mine sites. 

The second component of this regulatory program is integrating the beneficial use of the coal 

ash in coal mine land reclamation through Pennsylvania’s Coal Mine Primacy Regulatory 

Program or through contract when the utilization is tied to the reclamation of abandoned mined 

lands. The programs are designed to insure that the management of the coal ash at the coal mine 

site will result in the reclamation of the land and improve water quality. 

Over the past fifty years, Pennsylvania’s program has demonstrated its effectiveness. This is 

especially true for the coal refuse sites that have been re-mined and reclaimed. 

Are there examples of the benefits provided by this reclamation? 

There are numerous case studies regarding the reclamation of coal refuse sites and the 

benefits achieved. The Revloc Site and Maple Coal Site are two such examples: 
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REVLOC, PENNSYLVANIA 

Revloc, PA is located in Cambria County approximately 90 miles east of Pittsburgh in the heart 

of the western Pennsylvania coalfields. The mining town centered the Revloc mine built in 1916-

17. The Revloc mine later became Bethlehem Steel’s Mine 32 and Beth Energy operated the mine 

until it was closed in the 1980s. 

REVLOC Site – Pre-1989 

 

In 1989, Ebensburg Power Company obtained a surface mining permit from the PA DEP for 

the re- mining and reclamation of the western side of the Revloc coal refuse pile. The reclamation 

project required the processing of the coal refuse to produce usable fuel by separating out some 

reject material that could not be burned in the CFB. The larger sized reject material consisted of 

the rock, clays, and “red dog”, or the material left from the in-place burning of the coal refuse over 

the last century. 

The fuel was trucked to Ebensburg Power Company’s coal refuse-fired power plant and used 

for the production of alternative electric energy. The fuel was combusted with limestone, which 

controls acid gases in a circulating fluidized bed boiler.  The ash that that is produced meets all 

criteria for beneficial use for coal mine land reclamation.  This beneficial use ash was returned to 

the Revloc site and mixed with the reject material, compacted and contoured as defined in the 

surface mining permit. 

In 1997, at the request of the local townspeople and the PADEP, Ebensburg submitted and 

received a surface mining permit for the re-mining and reclamation of the eastern side of the 

Revloc coal refuse pile.   This part of the coal refuse pile was burning and on days when the wind 

was blowing from the east, the fumes would inundate the Revloc community. As part of the re-

mining and reclamation work, Ebensburg Power Company extinguished the fires and ended the 

air pollution from the coal refuse pile that had occurred over the last century. 

That coal refuse pile contained approximately 4,120,000 tons of material and covered 

approximately 56 acres of land. The eastern and western parts of the pile were separated by the 
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South Branch of the Blacklick Creek.  The runoff from the coal refuse pile would all flow into this 

creek resulting in the stream being devoid of aquatic life.  The runoff from the coal refuse pile 

before reclamation discharged 226 tons per year of acidity, 0.5 tons per year of iron, 1 ton per 

year of manganese and 33 tons per year of aluminum. 

The reclamation project was completed in 2011. During the project life, approximately 

3,200,000 tons of usable coal refuse was removed from the site, and approximately the same 

number of tons of beneficial use ash was returned to neutralize the remaining acidic compounds 

contained in the reject material. The cost of the project was approximately $24 million. 

The process reclaimed about 56 acres, of which 20 acres are available for industrial 

development. The coal refuse piles and fires are gone forever and approximately six miles of the 

South Branch of the Blacklick Creek has returned to a quality which supports aquatic life, 

including trout. The reclamation process reduced the acidity from the baseline by 93 percent, 

reduced iron by 92 percent, reduced manganese by 71 percent and reduced aluminum by 95 

percent. 

REVLOC Reclaimed 

 

On December 12, 2008, the local paper, the Johnstown Tribune-Democrat, described and 

proclaimed the Revloc Reclamation Project as a “huge success”. 

MAPLE COAL SITE 

Maple Coal Company – Colver Refuse Site, Barr and Blacklick Townships, Cambria County, PA 

Elk Creek (North Branch of Blacklick Creek; Blacklick Creek; Conemaugh River; Kiskiminetas 

River; Allegheny River; Ohio River) 

Maple Coal Company (Maple), a wholly owned subsidiary of Inter-Power/AhlCon Partners, 

LP, provides coal refuse fuel to the Colver Power Plant (located in Cambria County, Pennsylvania).  

The Maple Coal Company currently has three surface mining permits to mine coal refuse for use 

in their circulating fluidized bed boiler at the Colver Power Plant, the resulting alkaline ash is 
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beneficially utilized to reclaim the area previously occupied by the acidic coal refuse. During the 

mining and reclamation activities, “red dog” was encountered providing evidence that the coal 

refuse had previously burned in-place. 

Site reclamation of the Colver refuse site began in 1995 and has continued to this date. The 

majority of the coal refuse has been removed and the vast majority of the alkaline coal ash 

placement has been completed in the areas that were producing the AMD related to the first two 

Surface Mining Permits (SMP).  Maple is now developing the area related to third SMP which will 

address the last remaining source of AMD in this portion of the drainage basin. 

Pre-1965 Coal Refuse Mining and Reclamation 

 

The Subchapter “F” monitoring stations (SW-2B, SW-4A and SW-23) on the Colver Refuse Site 

SMP #11900201 and the Rail Yard Refuse Site SMP #11970201 provide evidence that the water 

quality was severely impacted by AMD prior to the commencement of Maple’s reclamation 

operations. At the time of the original permit application, it was assumed that the removal of the 

acidic coal refuse and the beneficial use of the alkaline coal ash during their reclamation activities 

would improve the quality of the receiving stream (Elk Creek) by improving the water quality of 

the Subchapter “F” water monitoring stations (SW-2B, SW-4A and SW-23). 

The pre-mining water quality from abandoned mine discharges to Elk Creek and its 

tributaries from the above referenced surface mining permits (abandoned coal refuse sites) 

accounted for 843.5 total tons of acidity, iron, manganese, and aluminum for the water samples 

collected and analyzed April 13, 1995, through April 8, 1996.  The loadings in pounds per day is 

the average for the entire year based on twenty five samples/bi-monthly monitoring at each 

monitoring point. 
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Pre-Mining Loading on Elk Creek 

April 13, 1995 through April 8, 1996 

Acidity 689,149 lb/yr 344.6 tons/year 

Iron (Fe) 23,932.9 lb/yr 11.97 tons/year 

Manganese (Mn) 3,952.95 lb/yr 1.98 tons/year 

Aluminum (Al) 47,779 lb/yr 23.89 tons/year 

 TOTAL 382.44 tons/year 

The  most  current  data  (December  18,  2013  through  December  8,  2014)  collected  at  

these  same monitoring stations indicate that the total tonnage of acidity, Fe, Mn, and Al is 1.0  

tons or a reduction of 381.44 tons (99.73%).  The loadings pounds per day is the average for the 

entire year based on thirteen samples, one sample per month per sampling point. 

Post Refuse Removal – Site Utilization of Beneficial CFB Ash Placement 

December 18, 2013 through December 8, 2014  % Improvement Over Baseline 

Acidity  99.9% 

Iron (Fe)  97.6% 

Manganese (Mn)  99.2% 

Aluminum (Al)  99.9% 

 TOTAL 99.73% 

Present Coal Mining and Reclamation Activities 
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refer to paper in the Guidebook: The Rogue Kimberlite Dikes in Indiana County, Pennsylvania 
Part 1.  Unusual Intrusive Habit of Kimberlite Dikes in Coal Seams 

APPENDIX B 

PETROGRAPHY OF THE TANOMA AND ERNEST KIMBERLITES 

Thin sections of kimberlite collected from the Tanoma and Ernest mines were examined as 

a supplement to this paper.  The rocks exhibit inequigranular, porphyritic textures of variable 

modal composition, including sedimentary xenoliths.  In thin section the rock matrix is 

generally light gray to yellowish-gray, fine-grained and somewhat porous.  A broad range of 

mineral sizes exists for those crystals not part of the rock matrix (groundmass), including 

olivine, phlogopite, garnet, picroilmenite, and orthopyroxene, all of which range from ~ 250 

µm up to 8+ mm.  The larger sizes can be extended up to 4+ cm if one includes crystals found 

in hand specimens.  We refer to the non-matrix crystals as megacrysts and microcrysts to defer 

any genetic connotations; some of the large minerals are probably xenocrysts (crystals that 

grew earlier in a foreign magma) and others are likely kimberlite phenocrysts but their 

distinction is beyond the scope of this paper. 

The predominant megacrysts observed in samples available in this work are olivine, 

phlogopite, and less commonly, picroilmenite.  Garnet and orthopyroxene megacrysts have 

been reported previously (Mbalu-Keswa, 1995; Shultz, 1999) but none were recognized 

confidently in the thin sections examined here.  Several serpentine pseudomorphs could be 

euhedral pyroxene crystals. The megacrysts are set in a matrix of mostly carbonate, opaque 

minerals (magnetite and perovskite), serpentine, and minor apatite. For olivine and phlogopite 

a continuum of size ranges occurs, along with a range of crystal forms (anhedral to rarely 

euhedral) for both minerals. 

 Olivine is almost entirely replaced by serpentine and subsequently by calcite.  In a few 

serpentine pseudomorphs quartz was observed as a partial and latest stage replacement 

mineral. The rare patches of original olivine remaining in some cases contain a few needles of 

rutile that are likely to be primary inclusions (see discussion in Honess and Graeber, 1926).  

Iron oxides occur along fractures and, on some pseudomorphs margins. 

 Larger phlogopite crystals are better preserved than the olivines, although most also 

exhibit extensive replacement by serpentine, calcite, and less commonly by chlorite and late 

quartz.  These crystals are commonly kinked and/or sheared, are generally anhedral with 

ragged margins, and commonly have magnetite and possibly other iron oxide minerals 

concentrated at their margins.  Smaller phlogopite crystals (microcrysts) tend to be poorly 

preserved and most are completely replaced by chlorite (Honess and Graeber, 1926).   

 Picroilmenite megacrysts range in size from 1 to 7 mm, exhibit a jet black color, and 

show indications of conchoidal fracture under reflected light.  Most crystals are generally well 

preserved. 

The matrix of thin sections examined in this study is dominated by carbonate, most of which 

is calcite, although local dolomite crystals exist.  Opaque minerals include magnetite and 

perovskite, irregularly distributed but common in the rock matrix.  Both minerals are 

commonly 5-20 µm size, with larger clusters up to ~100 µm.  Opaques can be concentrated 
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locally up to 10-15% or more in the matrix. The other major component of the Tanoma/Ernest 

kimberlite matrix is serpentine.  A few prisms of partially replaced apatite were also observed.  

Shultz (1999) reported calcite-filled vesicular margins to some shale and coke inclusions as 

well as interstitial, irregular micro-vesicles.  Several thin sections examined in our study have 

irregularly-shaped interstitial voids now filled with cryptocrystalline quartz and clusters of 

coarse calcite crystals.  These probably correspond to Shultz’s micro-vesicles. 

Thin sections (TK-1b and TK-2b) from the Bragonier sill specimen (Figure 5a, 5b) shows 

an anomalous composition and texture.  The rock consists mostly of subspherical grains (50-

150 µm) set in a matrix of coarse-grained calcite.  Although not well preserved, some grains 

resemble volcanic lapilli.  Other grains are subangular and may be kimberlite and country rock 

fragments.  A few long, arcuate fossil shells containing fibrous calcite crystals also are present.  

Their occurrence, and the fact that some subspherical grains exhibit complex internal 

structures (see Photograph 10), warrants a tentative classification as lapilli.   Photograph 11 

shows a fossil shell incorporated into the kimberlite sill.  Clearly, further study of this rock is 

required. 

No detailed point counting analysis was made in this work, but Schultz (1999) provided the 

following summary of modes for Tanoma, with textural components grouped into three broad 

categories and normalized to 100% by volume: 

1. Megacrysts (26.1% total volume of rock) 

Olivine 52.4 

Garnet 11.7 

Mg Ilmenite 2.1 

Phlogopite 33.3 

Orthopyroxene 0.4 

2. Matrix (64.7% total volume of rock) 

Olivine microphenocrysts 24.8 

Phlogopite 0.0a 

Magnetite + Perovskite 13.3 

Combined matrix mineralsb 61.9 

  

3. Carbonate veins + xenoliths (9.2% total volume of rock) 

a Small matrix phlogopite crystals were observed in the present study of 

Tanoma kimberlites. 
b These include “pseudomorphous bodies of calcite, rare dolomite 

rhombs, sparse apatite prisms, and minor serpentine within very 

irregular web-like patches of calcite”. 
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Shultz’s (1999) modal analysis is considered generally representative of the Tanoma 

specimens examined in this study.  Typical of kimberlites, the proportions of minerals varies from 

sample to sample.  The Ernest Mine kimberlite is comparable petrographically to the Dixonville 

rocks (Honess and Graeber 1926) and Tanoma dike (Mbalu-Keswa, 1995). 

A distinct characteristic of the Tanoma kimberlite is the prolific amounts of carbonate 

present, an observation made by previous studies (e.g., Honess and Graeber, 1926; Mbalu-Keswa, 

1995; Shultz, 1999).  The most obvious concentration of carbonate occurs in the rock matrix, but 

it also exists as partial replacements of phlogopite and olivine megacrysts (and to a lesser extent 

in microcrysts) and as veins (see photos in Plate 1).  In their examination of the Dixonville 

kimberlite (“mica peridotite”) Honess and Graeber (1926) described carbonate occurrences in 

three categories, listed in order of abundance: 

1. A fine-grained, almost structureless calcite that comprises the groundmass. 

2. A massive, uniform carbonate, probably dolomite, possessing perfect 

rhombohedral cleavage and occurring as irregular, rounded to subangular 

patches, somewhat suggestive of crystal outline. 

3. Small amounts of a coarsely granular aggregate of calcite or dolomite, 

forming pseudomorphs after olivine. 

In our Tanoma specimens the matrix calcite (category #1) also forms veins that cut olivine 

and phlogopite macrocrysts.   

The petrographic relationships described above lead to several conclusions.  Kimberlites in 

general have substantial amounts of carbonate minerals (mostly primary, some secondary), with 

volume percents commonly in the 10-30% range (see Mitchell, 1985).  In contrast, the 

Tanoma/Dixonville/Ernest kimberlites contain anomalous quantities of carbonates, with 

volumes of 30-40% being a conservative estimate and several samples exceed 50%.  However, 

such concentrations are not unique among rare igneous rocks.  Ultramafic lamprophyres, for 

example, are petrographic relatives to kimberlites and many also have large quantities of 

carbonate (Mitchell, 1985; Rock, 1990).  With such high concentrations and the petrographic 

relationships described above the rocks are considered carbonatized (Rock, 1990).  That much 

of this carbonate is primary magmatic calcite and/or dolomite is confirmed by isotopic data (e.g., 

Deines, 1968) and, therefore, it is not related to secondary sources such as groundwater.  At 

Tanoma/Dixonville/Ernest the extensive amounts of matrix calcite, some of which cuts 

macrocrysts as veins, as well as the adjacent wall rocks, argues for late-stage carbonatization in 

dike and sill emplacement.  The presence of excess volatiles (CO2, H2O?) is consistent with 

possible lapilli observed in some of the Tanoma sill specimens and vesicles.  Given the large 

amounts of primary carbonates present, the Tanoma/Dixonville/Ernest rocks can be recognized 

as carbonatized kimberlites. 

Examples of minerals and textural relationships in the Ernest and Tanoma kimberlites are 

described below for the accompanying images in Plate 1. 

Photograph 1, Image 095833, Sample Ernest-3.  Anhedral olivine megacryst completely 

replaced by serpentine and later calcite.  Lath-shaped crystals are microcrysts and macrocrysts 

of phlogopite set in a calcite-rich matrix.  Macroscopic view of thin section using reflected light.  

FOV = 9.7 mm wide.   
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Photograph 2, Image 171254, Sample Tanoma TK-7.  Anhedral olivine macrocrysts and 

microcrysts set in a matrix of calcite, opaque minerals, and serpentine.  Light blue area in the 

upper right corner is thin section epoxy.  Macroscopic view of thin section using transmitted 

plane light.  FOV = 9.7 mm wide. 

Photograph 3, Image 170245, Sample Tanoma TK-4.   Large altered phologpite macrocryst 

with minor shears and anhedral form at edge of sample.  Macroscopic view of thin section using 

transmitted polarized light.  FOV = 16.5 mm wide.   

Photograph 4, Image 171004, Sample Tanoma TK-5.  Olivine, phlogopite, and picroilmenite 

(mostly black anhedral crystal) macrocrysts.  Macroscopic view of thin section using transmitted 

polarized light.  FOV = 9.7 mm wide.   

Photograph 5, Image 130531, Sample Tanoma TK-5.  Jet black picroilmenite macrocryst.  

Matrix is calcite-rich and contains magnetite and minor perovskite, some of which forms partial 

rims on serpentinized olivines.  Macroscopic view of thin section using transmitted plane light.  

FOV = 9.7 mm wide.   

Photograph 6, Image 115604, Sample Tanoma PC1-1A.  Phlogopite macrocryst replaced by 

serpentine, iron oxides, and matrix calcite.  Macroscopic view of thin section using transmitted 

plane light.  FOV = 9.7 mm wide.   

Photograph 7, Image 132600, Sample TK-3.   Phlogopite macrocryst with magnetite-rich rim 

and calcite veins (left arrow).  Other crystals are enveloped in thick rims of calcite (right arrow).  

Macroscopic view of thin section using transmitted plane light.  FOV = 9.7 mm wide.   

Photograph 8, Sample 29.   Olivine (upper left), garnet (lower center), and phlogopite (upper 

right) in a serpentine and calcite-rich matrix.  Microscopic view in plane light, FOV = 3 mm wide. 

Photograph 9, Sample Ernest 2.  Phlogopite macrocryst (right), phlogopite microcryst (upper 

center), and degraded olivine (upper left) in a matrix of largely serpentine and calcite.  

Microscopic view in plane light, FOV = 3 mm wide.   

Photograph 10, Image 115011, Sample PC1-1A.  Olivine macrocrysts replaced and enclosed 

by thick mantles of calcite.  Macroscopic view of thin section using transmitted polarized light.  

FOV = 9.7 mm wide.   

Photograph 11, Image 172946, Sample TK-1b.  Contact between kimberlite and siltstone wall 

rock.  Arrows point to fossils (shrimp clam shells) in overlying siltstone and possible shell in the 

kimberlite.  Macroscopic view of cut slab with reflected light.  FOV = 21.3 mm wide.   

Photograph 12, Image 171657, Sample TK-2b.   Coquina with calcite matrix.  Macroscopic view 

of cut slab with reflected light.  FOV = 9.7  mm wide.   
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