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Legend for Figure 4.1.4 
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Figure 4.1.5: 1908 Historic map of Lewiston and the Hart Brook watershed (USGS) 
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Historical Sedimentation:  

The historical sedimentation theory is somewhat of a hybrid between the Holocene and the 

Modern theories.  It is based upon the raw lead data and the uppermost 60cm of reliable normalized lead 

data, but does not depend upon the radiocarbon date, and, in fact necessitates that the dated wood 

fragment was from a root.  Therefore, this sedimentation theory is constrained by two lead events: the 

onset of the burning of leaded gasoline in 1923 (base of the lead concentration peak at 60cm see Fig 

3.5.1) and the Clean Air Act outlawing the use of leaded gasoline in 1972 (the peak of lead concentrations 

at 40cm, see Fig 3.5.1).  These events allow for two separate sedimentation rates to be calculated.  Instead 

of an unconformity at 60cm (as in the Holocene theory), this theory assumes that sedimentation continued 

back in time at an average of the two modern rates.  Changes in stratigraphy are more so a product of 

natural stream processes and development than any glacial or flooding events.  The sedimentation rates 

and units are described below.   

The rates were found to be 0.42 cm/yr from 1923 to 1972 and 0.85 cm/yr from 1972 to 2017, 

naturally the same values as the Holocene theory because both used the raw lead data.  At this point, the 

Holocene and historical theories diverge from one another.  In the Holocene theory, the sedimentation 

below 1923 was assumed to have been deposited by post-glacial marine transgression (approximately 

10,000 years ago).  Following marine sedimentation, there would have been a longstanding unconformity 

until impervious development generated enough energy from runoff to restart sedimentation (likely in the 

early 1900s at the soil clay boundary of 60-65cm).  This theory does not assume that the clay and gravel 

layers below 65 cm are deposited by glacial processes, but instead are simply a further extension of 

modern sedimentation.  To extrapolate back in time, the two known rates were averaged.  The average 

rate, 0.64 cm/yr, was applied through the end of the 150cm core. In this theory 150cm represents the year 

1781.  The evidence in support of this theory is the raw lead data and the lack of a visible unconformity 

between the soil and clay layers.  

The oldest sedimentological unit, the sand and gravels layers characterized by upward fining 

sequences, are likely the product of a migrating point bar in this theory.  The historical model predicts that 

the sequences would repeat themselves approximately every 75 years.  The overlaying clay unit may have 

formed by the pooling of water on the floodplain, in which the fine sediments had time to settle out.  

Another option would be that the fine sediments were reworked from upland areas and settled out when 

they reached the even elevation of the flood plain.  The soil unit likely formed through the deposition of 

organic sediments from the upland sections of the watershed, a similar process in all three theories.   
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This sedimentation theory does not have an explicit argument to suggest a relationship between 

sedimentation and urbanization within the relative rates of sedimentation compared to rates of 

urbanization.  It also does not suggest that depositional events were restarted or affected by an increase in 

runoff or the flowrate of runoff.  An argument that can be made, though, for every theory is that modern 

sedimentation is happening at rate that far exceeds expected natural rates of sedimentation on floodplains.  

Referring back to a previous source (Pizzuto et al., 2016) that calculated the average rates of 

accumulation on 107 different floodplains, values ranged from 3.8 cm/100 years, 1.37 cm/100 years, 0.4 

cm/100 years, 0.1 cm/100 years.  The sedimentation values in every model of this study produce similar 

amount of sediment on an annual basis.   

To conclude, it becomes apparent that no matter the overall paleo-environmental setting, 

urbanization likely played a major role in recent sedimentary processes of the Hart Brook watershed.  In 

the modern-core theory the most glaring evidence for the impact of development was the rapid rate and 

magnitude of sedimentation within the past-century, particularly between 1923 and 1972 at 2.4cm per 

year (fig 4.1.1).  In the Holocene theory, it was the restarting of sedimentary processes after an extended 

unconformity.  Finally, in all of the theories the sedimentation rate exceeds that of typical natural 

Figure 4.1.6: Historical Sedimentation Theory: Sedimentation and ISC from 1781-2018 
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floodplains.  Outside influence of urbanization upon the natural hydrologic processes appears the only 

factor present to produce such a marked difference in rates, nearly two orders of magnitude.  Further 

research is needed to bolster the relationship between the two variables (sedimentation and urbanization), 

such as town construction records or tax maps that could place additional constrains on development 

rates.  Additional radiocarbon dating and coring could provide more knowledge related to sedimentation 

rates.  Eventually, if enough data was available a regression could be run and would be a helpful 

analytical tool in quantifying the relationship between sedimentation and urbanization.    

4.2 Spatial Analysis 

 As described in the methods section and displayed in the results of this paper, impervious surface 

calculations for the Hart Brook Watershed were performed in two separate ways and the methods of a 

previous calculation were unknown.  It is important to compare the advantages and disadvantages of each 

method and to address why both of the calculations in this study yielded higher percentages than the 

previous estimate of percent impervious surface cover in the watershed.   

The first method used data from the National Land Cover Dataset (NLCD). NLCD data is a 

sophisticated and open-access database of satellite and aerial imagery analysis for land cover 

classification.  There are four primary datasets available (circa 1992, 2001, 2006, and 2011).  This study 

used the most up-to-date 2011 dataset, which employs a Comprehensive Change Detection Model 

(CCDM).  CCDM integrates two patented algorithms, a Multi-Index Integrated Change Analysis 

(MIICA) and Zone. The MIICA model uses spectral indices, which are essentially classifications of 

wavelength (pixel color), to track changes from one image to another (Jin et al., 2013).  The Zone 

algorithm extracts change from two Landsat image pairs.  Additionally, the 2011 dataset used a new 

technology to account for error typically caused by cloud cover and shadows.  The technology can detect 

blue, shortwave infrared, and thermal infrared bands, rather than simple, spectral data.  This allows the 

detector to recognize the difference between what is a cloud and what is something that is the color of a 

cloud on the Earth’s surface.  Finally, these areas are given clean pixel values and restored in a process 

called Spectral Similarity Grouping (SSG).  SSG references a previous Landsat image to find an 

alternative similar pixel that could replace the pixel in question.   

 A second, tracing based method of impervious surface cover was selected as an alternative to the 

NLCD calculation because analysis of historical images was required and could not be achieved using the 

NLCD dataset (the earliest data is from 1992).  The tracing method, as described in the methods section, 

was done using a modern aerial image basemap overlain by georeferenced historical aerial images in 

ArcGIS.  The imagery was imported Landsat images, which were then transformed into polygon data and 
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clipped to the size of the watershed.  A new, ISC polygon was then created by tracing the area of every 

visible developed section of the map.  This step was repeated for the 1953 and modern images, 

individually.  Finally, using the same development values and descriptions from the NLCD method each 

area was classified as a particular type of development, either medium intensity, high intensity, which had 

a specific %ISC value, 65% and 90%, respectively.  This method, the tracing method, had far more 

opportunity for error than the previous NLCD method.  First, it placed all trust in human dexterity rather 

than a mathematical algorithm.  There is no way of ensuring that you can trace the boundaries of every 

pavement, neighborhood, etc. consistently.  Additionally, land type ISC values were built and designed to 

fit the NLCD algorithm rather than any method of tracing, so there is a significant chance that the tracings 

will not fit perfectly into a particular category.  Despite the somewhat more imprecise results of the 

tracing method, the values for the two permutations still fall directly between the 22% of the W&C 

estimate and 32.6% for the NLCD estimate, at 25.04% for all medium intensity development and 29.85% 

for half medium, half high intensity development.  Likely, the second estimate is slightly more accurate as 

it accounts for not only an increase in the overall amount of developed area, but also an increase in the 

density of development between 1953 and 2017.   

Methods were not reported for the original W&C 22% ISC estimate.  That said, this study was 

able to access the original W&C GIS data and extrapolate the most likely tactics used.  Fig. 4.3.1 shows a 

visual comparison between the NLCD and W&C methods.  At first glance, the W&C method (right) may 

appear to be more sophisticated and detailed, but there are a few key methodological errors to address.  

Figure 4.2.1: (Left) NLCD Method *NOTE: not all areas highlighted are ISC. Highlighted areas correlate 

to a land type with a given range of %  impervious cover see Fig 2.1.1 (Right) W&C tracing method  

 

±
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The high level of infrastructural detail of the tracings of the roadways suggests that the W&C method 

may have used a polygon of existing roadways and made supplemental visual observations of rooftops; 

this method can underrepresent the true extent of a road or structure, as it does not account for any 

surrounding disturbance to roadsides, vegetation, and soils.  A pixel or spectral based calculation (left) 

will avoid the inherent error of tracing an image or manually surveying a roadway, as it is simply an 

algorithm based on pixel color (wavelength) rather than the blueprints of a roadway. That said, the NLCD 

calculation may have more error in another realm: pixilation.  The NLCD is a national dataset and does 

not allow for as much regional detail as in the W&C calculation.  This NLCD method of remote sensing 

categorizes a range of pixel colors as a specific land type, but, it is not done by direct visual analysis, 

whereas the W&C method likely incorporated a higher degree of visual observations.  The level of detail 

is also function of the different types of data used in the NLCD and W&C, raster and vector, respectively.  

Raster data is common for remote sensing techniques, but mandates a specific pixel size. In the case of 

the NLCD and most Landsat images 30 meter resolution is used. In a watershed that is only 8,933,060 m2, 

that pixel size creates a moderate amount of error because it is unable to capture and account for the high 

level of detail and color change in such a small area.  The ideal spatial analysis of this watershed would 

be a calculation that employs NLCD spectral analysis computed at a higher resolution than 30 m2.    

4.3 Water Quality 

With evidence of both urbanization-induced sedimentation and of a history of sanitation issues 

within the Hart Brook, what is causing continued low-levels of dissolved oxygen?  Could it be both?  

These questions will require additional future work and begin to reach outside the realm of this study, but 

the following brief review will address what is known and what remains unknown. 

 Dissolved oxygen levels have been tracked in great detail since the early 2000s, particularly by 

CES Inc. within the past five years.  Dissolved oxygen data suggests that the most afflicted sites continue 

to be HB-2 and HB-4.  If not a current direct input of wastewater, could the low D.O. be a residual 

symptom of the extreme pollution and poor sanitation that plagued the stream only a little over half a 

century ago?  Perhaps, the pathogens are no longer present but the excess of nitrogenous and organically 

rich inputs have persisted or not yet been exhausted, driving dissolved oxygen levels below normal 

healthy levels.  There is no historical water quality record accessible before the mid late 1990s for the 

Hart Brook, but it seems possible that dissolved oxygen levels may still be recovering from even lower 

levels during the era of raw sewage runoff, potentially even comparable to the lack of any dissolved 

oxygen in the Androscoggin River during the height of its pollution with sewage and paper pulp.  Note 

this theory still holds significance to the concepts of urbanization and poor water quality.  ISC can 
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accelerate the transportation of many pollutants that lay in the path of runoff into the stream, be it waste 

or sediments.    

 Lastly, if it is neither a current or historic input of waste, the only plausible variable remaining is 

excessive sedimentation and the addition of nitrogenous fertilizers through increased impervious surface 

runoff.  This study provides the most concrete evidence in support of an increase in sedimentation along 

with increased urbanization, but the direct relationship to dissolved oxygen could be investigated further.  

Turbidity data and other sedimentary analyses are needed.    

4.4 Global Implications 

Within its recent history, the Hart Brook has faced many of the challenges, particularly water 

quality issues related to sanitation, that developing nations are facing today.  Looking back to the 

introduction, in the late 1950s it was reported that sewage contamination, due to the lack of a formal 

sewer system, was causing public health issues in the Lewiston community.  Not only was the smell 

unbearable, but there were reported cases of typhoid and staphylococcus.  It was explicitly stated in the 

Lewiston Evening Journal in 1959 that the development boom throughout the 50s is what triggered the 

bacterial contamination of the Hart Brook.  Global development is intimately connected to discussions of 

sedimentation rate, impervious surface cover, and public health.  In the coming decades the areas that will 

experience the majority infrastructural expansion are also the areas with the least access to improved 

sanitation (WHO, 2014).  The following portion of the discussion will describe the connections between 

development, potability, and sanitation with a heavy focus on the regions of the world at the highest risk 

of losing access, or never gaining access, to clean drinking water resources.   
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Access to Clean Drinking Water:   

 Globally, 1 out of 11 people lack access to safe drinking water, 783 million people 

(WHO, 2014).  The vast majority of unclean drinking water is contaminated by bacteria from a 

lack of proper sanitation.  The bacteria proliferates waterborne illnesses and diarrheal diseases, 

which account for 5.4 % of all deaths or 1.54 million deaths annually in developing countries 

(WHO, 2014).  Along with HIV and perinatal conditions, bacterial diseases are arguably one of 

the most preventable health issues.  Equally distressing, is that the most affected demographic is 

children below the age of five (WHO, 2014).   

 

 

 

 

 

 

Figure 4.4.1: Global Drinking Water: Percent of national population with access to improved drinking 

water sources 2012 (WHO, 2014) 
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Sanitation: 

 Globally, approximately 2.5 billion people lack improved sanitation (see definition in WHO, 

2014), and 1.1 billion people (15 per cent of the global population) practice open defecation (WHO, 

2014).  Standards of sanitation vary, but open defecation is arguably the most detrimental to drinking 

water resources, as it can be most easily transported into a water supply.   

 Strikingly, fig 4.5.1 and fig 4.5.2 show an immense amount of overlap in most affected regions, 

particularly Sub-Saharan Africa and countries in the South China Sea (Indonesia, Philippines, Papa New 

Guinea) (WHO, 2014).  The overarching trend is clear; most regions without access to proper sanitation 

do not have access to clean drinking water.  This seems intuitive, without sanitation bacteria are easily 

transported into local drinking water and cause illness to consumers.  But a large question remains: What 

is the mechanism of transport?  Could this problem be exacerbated by impervious surface development, 

one of the most efficient hydraulic pathways?   

 

 

 

 

Figure 4.4.2: Global Sanitation: Percent of national population with access to improved sanitation in 

2012 (WHO, 2014)   
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Development and Impervious Surface Cover:   

 If impervious surfaces are as good of a transport mechanism for bacteria as they are for 

sediments, than development trends show an ominous cloud on the horizon.  Fig 4.5.3 shows that between 

2000 and 2015, cities between 5 and 10 million residents and 10+ million residents added nearly 100 

million new residents in developing regions (Cohen, 2006). Developed regions added only a small 

fraction of that figure, approximately 10 million new residents (Cohen, 2006).  Additionally, smaller 

cities of less than 1 million residents added over 500 million new residents in developing countries and 

only approximately 30 million residents in developed countries, further highlighting the discrepancy of 

developing and developed urban expansion (Cohen, 2006).   

 

 

 

 

 

Figure 4.4.3: Urban Growth: the number of residents added to the urban areas between 2000 and 2015 

based on the size of the urban settlement (in millions) (Cohen, 2006) 
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In addition to the magnitude of up and coming urban areas in developing countries, there is 

already a clear lack of sanitation and accessible drinking water, especially in Sub-Saharan Africa.  Fig 

4.4.4 shows that in cities of under 100,000 nearly 50% of people do not have access to piped water, flush 

toilets, and electricity (Cohen, 2006). 

 The figures and text in this discussion of global development should be viewed as the 

identification of a potential development challenge that needs additional research and consideration.  To 

date, there are very few sources that connect drinking water, sanitation, and development trends, 

especially in relation to the hydrologic transport of bacteria.  The Hart Brook case study serves as an 

example of hydrologic regime changes that may occur when the general structure of a watershed is vastly 

altered in a relatively short period of time.  Changes to sediment dynamics and baseflow or runoff 

behavior due to impervious surface cover have been cited by: Booth (1990), Brabec et al. (2002), Krug 

and Goddard (1986), Walters (2003), Ormerod (1998), Klein (1979) and Freeman and Shorr (2004). The 

trend of ISC alteration is clear, but the exact impacts on bacteria and waterborne disease are not, and must 

be studied.   

  

 

Figure 4.4.4: Urban Sanitation: percent of population without access to piped water, flush 

toilets, and electricity by the size of the urban area (Cohen, 2006) 
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5. Conclusions  

The three theories of sedimentation found by using a combined age-dating model of lead 

concentrations and radiocarbon all provided evidence of rapid, modern sedimentation.  Each 

sedimentation theory had strengths and drawbacks, but, in review, not all theories were equally 

compelling.  This section will briefly address the strengths and weaknesses of each theory and propose 

that the historical sedimentation theory is the best model for the Hart Brook watershed.   

The modern sedimentation theory was the only theory to incorporate the radiocarbon date and to 

claim that lead concentrations never returned to baseline values.  This would necessitate that all 150cm of 

the HB-3 core were deposited since 1923.  That magnitude of sedimentation on a floodplain would be 

nearly unprecedented within a floodplain environment.  And, although it may appear that the normalized 

lead values never stabilize at a “baseline” concentration, the very small % carbon values at depths 

between 60 and 150 cm are below 1% and can exaggerate the amount of variability when in such small 

proportions.  Additionally, the raw lead data shows, perhaps, the most well-defined trend that can be 

directly compared to other records and known changes in human activity.   

The Holocene sedimentation theory is essentially the opposite end-member of the modern 

sedimentation theory.  It represents time on a geologic scale and records activity related to glacial 

processes.  The best evidence to challenge this theory is the lack of a well-defined unconformity or sharp 

boundary between the soil and clay layers.  If this boundary truly represented the restarting of 

sedimentation after a long-standing unconformity, the soil would likely be deposited directly on top of a 

compact layer of clay without much integration or intermixing.  Instead this boundary is gradational over 

more than five centimeters from 60-65 cm.  This sedimentation rate in this theory is also the farthest 

offset from the 1950 radiocarbon date at 74cm.  

The historical sedimentation theory incorporates the best element of the Holocene theory: the 

analysis of raw lead data in the upper 60 cm, including both the onset and peak of burning of leaded 

gasoline.  By diverging thereafter from the Holocene theory and applying an average sedimentation rate 

(still high compared to other floodplains) to the bottom 60-150cm, some connections to urbanization may 

be lost.  This theory does not propose an exorbitantly high sedimentation rate or the restarting of modern 

sedimentation, but with such a clear raw lead dataset and without an unconformity it is more likely that 

sedimentation patterns have shown some amount of consistency over time than incurred any radical 

transformation.  It is still possible or even probable that sedimentation has responded to increasing 

urbanization, but that it is simply not visible in this dataset.  The favored historical sedimentation model 

only had a total of three dated depths.  Further work is needed, particularly radiocarbon dating, to further 
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