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SOLlD·WASTE DISPOSAL IN THE 

GEOHYDROLOGIC ENVIRONMENT OF 

MARYLAND 

By Edmond G. Otton 

ABSTRACT 

In 1920 about 0.7 million tons of urban solid wastes were disposed of in 
Maryland. By 1970 the quantity of these wastes had increased to 3.2 million 
tons, and by 1980 it is predicted that disposal of about 4.5 million tons will 
be required. Solid wastes are disposed of by open dumping, sanitary land­
filling, and incineration. The use of sanitary landfills and the abandonment 
of open dumping by Maryland towns is recommended by the Maryland 
Department of Health. 

As Maryland is in a humid region havin.g about 43 inches of precipita­
tion annually, sufficient moisture passes through sanitary landfills to dissolve 
or otherwise carry along various metals, chemicals, bacteria, and other 
undesirable materials, collectively called "leachate." The water may also 
trigger the formation of such gases as methane and carbon dioxide. Under 
certain conditions the leachate may enter surficial aquifers at or near the 
base of the landfill . Rates of leachate infiltration range widely depending on 
the nature of the earth materials and the available water. Infiltration rates 
in undisturbed soils have been reported to range from almost nil to about 
5 inches per hour. 

Chemical analyses of landfill leachate in other states indicate that 
abnormally high concentrations of total hardness, chloride, nitrate, sulfate, 
and iron are especially common. Bacteriologic analyses of coliforms in 
leachate show very high colony counts, values in the range of 1.1 x 106 to 
10.7 X 106 per 100 milliliters having been reported from simulated landfills 
in West Virginia. 

In this report, Maryland is divided into five terrane types on the basis 
of the hydrologic characteristics of the land as related to solid-waste 
disposal. Terrane I, shale, siltstone, and sandstone of the Appalachian 
province, appears to be moderately amenable to solid-waste disposal, with 
certain limitations. Degradation of the underlying ground water by leachate 
is least likely in areas underlain by shale or other impervious material, but 
leachate generated at such sites may enter nearby streams unless adequate 
precautions are taken. Some abandoned coal strip mines appear to be 
amenable to disposal of solid municipal wastes. 

Terrane II, valleys underlain by limestone or marble, is somewhat less 
amenable than terrane I to solid-waste disposal because of the common 
development of solution channels and crevices in the underlying rocks. 
Thus, direct pollution of the underlying ground-water reservoirs is possible. 
Parts of terrane II, where the residuum or alluvium overlying the limestone 
is sufficiently thick or impervious to retard or inhibit vertical movement of 
pollutants, may be more amenable to solid-waste disposal than other parts. 



ABSTRACT (Cont.) 

Susceptibility of any terrane to disposal of solid wastes is, of course, 
also dependent upon the design of the landfill-the use of relatively im­
pervious cover material, etc. 

Terrane III, crystalline silicate rocks of the Piedmont, is suitable for 
sanitary landfills where a relatively thick zone of saprolite lies well above 
the water table. Where the saprolite is thin and the rocks are extensively 
fractured, the possibility of pollution of the ground water by leachate is 
increased. Terrane IV, upland Coastal Plain deposits, may be locally suit­
able for the protection of ground waters from leachate where the fill site is 
underlain by clayey strata well above the local water table. Local ground­
water pollution is likely where sand and gravel underlies the surface at a fill 
site. Terrane V, low-lying Coastal Plain deposits, offers protection from 
leachate pollution of deep-lying artesian aquifers because of the thick and 
extensive impervious strata that normally underlie the land surface. How­
ever, ample leachate production is expected in filled swamps, rivers, and 
estuaries due to the high water table prevalent in these areas. Such leachate 
will, of course, be diluted by the native water. 

Surface waters in all five terranes are subject to degradation by land­
fill leachate. Some protection can be afforded by designing the landfill to 
minimize the generation of leachate or by collecting and treating the 
leachate before permitting it to enter a surface watercourse. 
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INTRODUCTION, PURPOSE, AND SCOPE. 

Increasing attention is being given to the dis­
posal of solid-waste materials generated by our 
expanding, consumer-oriented civilization. The 
problem of disposing of this growing volume of 
material is becoming more acute, especially in the 
urbanized areas, because of the limited land avail­
able for this purpose, and because of the general 
unesthetic and undesirable nature of open dumps, 
ordinary waste piles, or even the modern sanitary 
landfill. Regardless of what form it is in, solid 
waste deposited on the land surface becomes a part 
of the land-water environment and, hence, is an 
appropriate field for review and investigation by 
the geohydrologist. 

The purpose of this report is to review the geo­
hydrologic factors involved in the disposal of solid 

wastes, and especially to describe: 1) how the 
disposal of solid waste in certain geohydrologic 
environments might result in degradation of 
nearby ground and surface waters by leachate]; 
and 2) how other, more suitable, geohydrologic 
environments might result in less degradation of 
the ground and surface waters. A wide spectrum 
of geohydrologic environments exists within Mary­
land. This report will describe some of them in 
relation to their use as sites for solid-waste dis­
posal. It is hoped this report will be useful for 
urban planners, municipal officials, engineers con­
cerned with solid-waste disposal, i~terested citi­
zens, and all who share a concern for the problems 
of both solid-waste disposal and pure, undegraded 
water resources. 
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NATURE OF THE SOLlD·WASTE DISPOSAL PROBLEM 

The nature of the solid-waste disposal problem 
and the types of waste currently being generated 
in the United States have been summarized by the 
American Public Works Association in a ~'ecent 

1 With ref erence to so lid-waste disposal, leachate is a 
water-derived fluid draining from a landfill which has 
acquired certain chemical and physical properties as a 
result of its passage through the fill materials. 
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publication of the Public Administration Service 
(1966, p. 12). Table 1 is adapted from that 
agency's report. 

Types of Waste 

The proportionate quantities of the various 
types of residential wastes generated in the United 
States annually are shown in table 2: 



Table 1. Solid wastes by kind, composition, and sources. 

Kind Composition Sources 

Garbage Wastes from preparation, cooking, 
and serving of food; market wastes; 
wastes from handling, storage, and 
sale of produce 

Rubbish Combustible: paper, cartons, boxes, 
barrels, wood, exc elsior, tree Households, restau-
branches, yard trimmings, wood rants, institutions, 
furniture, bedding, dunnage stores, markets 

Noncombustible: metals, tin cans, 
metal furniture, dirt, glass, 
crockery, mineral s 

Ashes Residue from fires used for cooking 
and heating and from on -site 
incineration /' 

Street refuse Sweepings, dirt, leaves, catch-basin Streets ,sidewalks, 
dirt, contents of litter receptacles alleys, vacant lots 

Solid Dead animals Cats, dogs, horses, cows, chickens 
Wastes 
(Refuse) 

Abandoned Unwanted cars and trucks left on 
vehicles public property 

Industrial Food -proc essing wastes, boiler-
wastes house cinders, lumber scraps, Factories, power plants 

metal scraps, shavings 

Demolition Lumber, pipes, brick, masonry, Demolition sites to be 
wastes and other construction materials used for new buildings, 

from razed buildings and other renewal projects, 
l"ltructllrel"l expressways 

Construction Scrap lumber, pipe, other New construction, 
wastes construction materials remodeling 

Special Hazardous solids and liquids: Households, hotels, 
wastes explosives, pathological wastes, hospitals, institutions, 

radioactive materials stores, industry 

Sewage- Solids from coarse screening and Sewage-treatment 
treatment from grit chambers; septic-tank plants; septic tanks 
residue sludge 

4 



Table 2. Average composition of residential wastes in the 
United States, in percent by weight of total wastes 
(from Am. Public Works Assoc., 1968, p. 42). 

Type of waste Percent of total wastes 

Paper 60.0 
Food 8.5 
Glass and ceramics 8.0 
Metallics 8.0 
Plants and grass 6.5 
Plastic products 3.5 
Furniture and boxes 1.5 
Construction wastes 1.0 
Textiles .5 
Dirt and vacuum-cleaner catch .5 
Rubber products .4 
Leather products .4 
Household and garden chemicals .4 
Paints, oils, and varnishes .3 
Miscellaneous 

(liquids, special wastes, etc.) .5 

The types of solid wastes available for disposal 
are similar throughout the United States, but in 
recent years the amount of garbage, or putrescible 
refuse, has decreased owing to the trend toward 
installation of garbage grinders in many homes 
and restaurants. The decrease in the production 
of garbage in municipal waste is also due to the 
increased consumption of pretrimmed and ready­
to-cook frozen foods (Maryland State Department 
of Health, 1966, p. III-1). The increased use of 
throw-away paper, plastic, and glass containers in 
the past few years has resulted in a comparative 
increase in this type of refuse. Variations in types 
of waste have been observed between industrial 
and residential communities, and within a com­
munity owing to seasonal causes; for example, 
more grass and shrub cuttings are collected dur­
ing the summer months (Am. Public Works 
Assoc., 1968, p. 27). Differences in the living 
standards of the inhabitants of different com­
munities appear to generate slightly greater 
quantities of wastes in the more affluent com­
munities. 

Some communities incinerate their wastes, a 
practice that reduces the volume of material to be 
disposed. Table 3 (Rampaceck and Sullivan, 1968, 
p. 46) shows the nature of incinerator waste from 
Washington, D. C. The proportion of paper and 
organic material is greatly reduced in comparison 
to pre-burned waste (table 2). 
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Table 3. Composition of residue from incinerators in metro­
politan Washington, D. C. 

Item 

Glass 
Tin cans 
Ash 
Unburned paper and charcoal 
Mill scale and small iron 
Massive iron 
Nonferrous metals 
Stones and bricks 
Ceramics 
Iron wire 
Partially burned organics 

Quantities of Waste 

Percent 

43.8 
17.5 
15.4 

8.3 
6.8 
3.5 
1.4 
1.3 

.9 

.7 

.7 

For the United States as a whole it is reported 
that three major sources contribute about 1.5 bil­
lion tons of solid wastes per year (Environmental 
Science and Technology, 1970, p. 384). These 
sources and the quantities contributed by each are 
as follows: 

Source 
Mineral 
Urban 
Industrial 

Million tons per year 
1,126 

Percent of total 

256 
110 

76 
17 

7 

The large quantity of mineral wastes includes 
mine tailings and quarry wastes, and the indus­
trial wastes include all types of solid-waste ma­
terials, such as plastics, wood, and fabrics, which 
have little or no recoverable value. Of course, 
some industrial waste becomes part of the urban 
waste, so its proper classification is difficult. 

According to the Maryland State Department of 
Health (1966, p. 1-1) the quantities of refuse dis­
posed on a per capita basis in Maryland have 
increased substantially during the past 50 years 
and will presumably continue to increase during 
the future. The reported and estimated quantities 
are: 

Tons per 
Pounds Tons per year 
per day year (total in Population1 

Year per capita per capita millions) (millions) 
1920 2.75 0.50 0.7 1.45 
1966 4.2 .77 2.9 3.75 
1970 4.5 .83 3.2 3.84 
1980 5.5 1.00 4.5 4.54 

1 Population estimates for 1970 and 1980 from Maryland 
State Department of Planning, Newsletter, v. 16, no. 7, 
July, 1963. 



Based on a consultant's recent report (Black 
and Veatch, 1967, p. m), the total refuse from the 
District of Columbia was reported to be 5.6 pounds 
per capita per day in 1965, a quantity somewhat 
higher than the 1966 Maryland quantity of 4.2 
pounds per capita per day. However, the report 
indicates that for the seven Maryland and Virginia 
counties composing the remainder of the Washing­
ton Metropolitan Region only 3.25 pounds of refuse 
per capita per day were collected for disposal 
in 1965. A simple average of the two estimates for 
the Washington region is 4.4 pounds per capita 
per day, a value in fair agreement with the re­
ported Maryland estimate. 

Methods of Disposal 
Several methods of refuse disposal exist, but 

each method must involve to some degree the land, 
water, and air, that is-the total environment. 
Refuse disposal on the land is probably the oldest 
method in use, although its development as a 
scientific method of disposal in the United States 
is probably relatively recent (Committee on Sani­
tary Landfill Practice, 1959, p. 1). The common 
methods of refuse disposal are identified and dis­
cussed briefly: 

1) Open dumping- This method usually con­
sists of dumping the solid wastes in a pit, 
quarry, swamp, or open pile. Little or no 
attention is paid to the problems of nui­
sance or public health that may result, and 
insects, rodents, odors, and blowing trash 
are common sources of nuisance or health 
hazards. Modern sanitary engineering 
practice condemns the use of open dumps. 

2) Sanitary landfill-This method of solid­
waste disposal evolved from the practice 
of open dumping as an attempt to develop 
an economical method of disposal that eli­
minates most of the undesirable features 
of open dumps. The Committe on Sanitary 
Landfill Practice (1959, p. 1) defines a 
sanitary landfill as follows: 
"Sani fury landfill is a method of disposing of 
refuse on land without creating nuisances or 
hazards to public health or safety by utilizing the 
principles of engineering to confine the refuse to 
smallest practical area, to reduce it to the 
smallest practical volume, and to cover it with a 
layer of earth at the conclusion of each day's 
operation or at such more frequent intervals as 
may be necessary." 
The several methods of sanitary landfill 
construction, land requirements, and 
other factors involved in site selection are 
described later in this report. 
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3) Composting-Composting is a method of dis­
posal whereby the organic components of 
the refuse can be broken down by bacterial 
action to a compost, a material similar to 
the organic parts of soil. Although this 
method of waste disposal yields a useful 
end-product, the undecomposable com­
ponents of the refuse, such as metal, rub­
ber, glass, and plastic, must be removed. 
After removal of these constituents, the 
remaining material is usually shredded, 
chopped, and placed into mounds where 
decomposition takes place. Because of the 
limited market for the compost and the 
large volume of noncom posted materials 
that must subsequently be disposed of, 
composting has not been widely adopted 
by cities in the United States. 

4) Incineration-Incineration of solid wastes 
is a well known and commonly used 
method of disposal. Modern large-capacity 
incinerators are relatively expensive, both 
to build and operate. An improperly de­
signed or operated incinerator can result 
in excessive smoke and air pollution. Also, 
as incinerators reduce the volume of 
wastes material by only about 80 percent, 
a method of disposal must be found for the 
remaining 20 percent of the waste (Mary­
land State Department of Health, 1966, 
p. V-7). Nevertheless, where land for dis­
posal purposes is scarce or extremely 
costly, incinerators are being used. Wash­
ington, D. C., Baltimore and Salisbury, 
Md., and Montgomery County, Md., all use 
incinerators. It is reported that the 
capacity of the District of Columbia's in­
cinerators is inadequate to handle the load 
of solid wastes generated and that the use 
of sanitary landfills is also required 
(Black and Veatch, 1967, p. h). 

5) Disposal at sea-The method of disposing of 
solid wastes by hauling them out to sea in 
barges and dumping them has been used 
by coastal cities. In recent years this prac­
tice has met with disapproval. The Mary­
land Department of Health (1966, p. 
V-14) reports that, as a result of a suit by 
New Jersey in 1933, the United States 
Supreme Court prohibited the city of New 
York from dumping " . .. any garbage or 
refuse, or other noxious, offensive or in­
jurious matter, into the ocean, or waters 
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of the United States off the coast of New 
Jersey, and from otherwise defiling or 
polluting said waters and the shores and 
beaches thereof ... " . However, it is re­
ported that as of 1968 about 4 million tons 
of sewage sludge were being dumped off 
New York Harbor (Council on Environ­
mental Quality, 1970, p. 5). 

Although dumping at sea might appear 

to be an economical alternative method of 
waste disposal, it has several drawbacks, 
not the least of which is the likely pollu­
tion of an area of the ocean. It is reported 
in a recent article in Environmental Sci­
ence and Technology (1970, v. 4, no. 5, p. 
388) that as of 1968 some 48 million tons 
of solid wastes were disposed of at sea in 
the United States. 

SOLID-WASTE DISPOSAL IN MARYLAND 

According to the Maryland State Department of 
Health (1966, p. IX-I) a wide range of disposal 
methods were in use in the State. The location 
and methods of solid-waste disposal in the counties 
of the State are described as follows: 

"Most counties use a wide range of disposal 
methods. Six counties have sanitary landfills, 12 
counties have landfills, 20 counties have open 
dumps, and 4 counties have incinerators. Of the 
155 refuse disposal sites surveyed and classified 
by county sanitarians, 18 were sanitary landfill, 30 
were landfills, 101 were open dumps, and there 
were 6 incinerators." 

Subsequent to the preparation of the 1966 re­
port, it has been reported that, as a result of the 
urging of the Maryland Department of Health, the 
number of open dumps in the State has decreased. 
Many of the dumps have been converted to sani­
tary landfills, and some of them have been covered 
or closed, being replaced by sanitary landfills at 
the same site or at other sites. The policy of the 
Department of Health has been to request local 
governments to convert open dumps to sanitary 
landfills or to a more advanced disposal method 
such as incinerators. 

The locations of sanitary landfills, incinerators, 
and refuse dumps in Maryland are shown in figure 
1. Although reasonably complete, the map may 
not show some of the older abandoned sites or some 
of the small private dumps. 

Methods of Operation 

A sanitary landfill is normally constructed using 
one of three general methods-the area method, 
the trench method, or the depression method 
(Committee on Sanitary Landfill Practice, p. 7). 
The area method (fig. 2) is used generally in flat 
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AREA METHOD. A bulldozer spreads and compacts the waste . The scraper (foreground) 
is used to haul cover material at the end of the doy's operations. Note fin ished cells . 

RAMP VARIATION. Solid wastes are spread and compacted on a slope. The daily cell 
may be covered with earth scraped from the base of the ramp or trucked from elsewhere. 
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TRENCH METHOD. The truck deposits its load into the trench where the bulldozer 
spreads and compacts it. Dragline digs next trench, using earth for covering first. 

Figure 2. Sketches showing details of area and trench meth­
ods of constructing a sanitary landfill. 



areas where the waste is mounded, compacted, and 
covered by suitable earth material hauled in from 
a source area not a part of the landfill site. Where 
tidal marshes are used as landfill sites, the cover 
material has sometimes been obtained by dredging 
in a nearby estuary. A completed landfill is made 
up of a series of cells consisting of compacted 
waste surrounded by earth. In constructing each 
cell, a fill of some convenient width is started at 
one limit of the disposal area and progressively 
lengthened until it reaches the other limit of the 
area, or to some intermediate position predeter­
mined by the plan of operation. A suitable earth 
cover is placed on the refuse as the operation pro­
ceeds. Compaction is aided by the collection 
vehicles and bulldozers operating on top of the 
fill (fig. 2). 

The depth of compacted fill in a cell varies, but 
7 to 8 feet is commonly advocated (Committee on 
Sanitary Landfill Practice, p. 9) and a thickness 
of final cover material of at least 2 feet is 
recommended. 

The trench method of sanitary landfilling is 
similar to the area method except that a trench is 
excavated in the ground to provide a site for de­
positing the refuse. The material removed from a 
subsequent trench is used as cover material for a 
trench being filled with refuse (fig. 2). Normally 
the trench method is not used in landfills where the 
water table lies at shallow depths. 

Depression landfills are those situated in natural 
or manmade sags in the topography. Thus, 
ravines, sand and gravel pits, and quarries would 
fall in this category. Commonly the total depth of 
compacted refuse in a depression-type landfill will 
be greater than in the area-type landfill. The unit­
cell method of construction of the landfill is used in 
a manner similar to that used in the area or trench 
method. Ravines are usually filled by starting at 
the upper end and working downslope. If the sur­
ficial soil is suitable, cover material may be ob­
tained from the upper sides of the ravine walls. 

Factors in Site Selection 

Several factors are involved in site selection of 
sanitary landfills. These are discussed in some 
detail in the report by the American Public Works 
Association (1966, p. 91-96). These factors are 
reviewed briefly as follows: 

1) Land requirements-Sufficient land should 
be available to meet the expected space 
requirements for the population to be 
served. A rule of thumb is that about r 
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acre of land is required for the solid 
wastes generated by 10,000 persons in 1 
year, if the depth of filling is to be limited 
to about 7 feet. Of course, where greater 
depths of fill are plannned a larger 
quantity of waste could be handled per 
acre. 

2) Chamcter of the land-The land at the site 
should not be so rocky or swampy that 
equipment might be damaged or bogged 
down when filling operations are at­
tempted. 

3) Availability of cover material-A suitable 
and adequate source of cover material 
should be available at the site or at an 
economical haul distance from the site. 
The ideal soil for a sanitary landfill opera. 
tion should contain 50 to 60 percent sand 
and about 20 to 25 percent silt and clay, in 
roughly equal proportions (Committee on 
Sanitary Landfill Practice, p. 5). 

4) Proximity to residences and industry-Lo­
cating a sanitary landfill close to resi­
dences, commercial establishments, or 
industrial plants can and frequently does 
result in strong objections by the con­
cerned parties. This is largely because of 
the association of the sanitary landfill 
practice with the older, open-type garbage 
dump, and the public's fear that the use of 
land for this purpose will depreciate its 
value as well as the value of the surround­
ing land. Nearby residents and land­
owners have a proper concern for possible 
nuisances and health hazards. The Ameri­
can Public Works Association (1966, p. 
93) recommends that, if the landfill is to 
contain garbage, it should be located not 
closer than 0.25 mile from the nearest 
residence, factory, or store, unless unusual 
circumstances make a closer location both 
desirable and acceptable. 

5) Accessibility-The site should have two or 
more access roads, so that if one road is 
temporarily unusable the site is still ac­
cessible. In metropolitan areas the road 
plan should be such that the haul trucks 
can avoid heavily traveled commercial or 
residential sections. 

6) Future land uses-The planned improve­
ment of a site by filling and covering is 
said to be one of the major economic ad­
vantages of the sanitary-landfill method of 



disposal. Many communities have turned 
completed landfills into parks, athletic 
fields, and play areas. Others have used 
these sites to extend airport runways or 
as a locale for industrial buildings (Amer­
ican Public Works Association, 1966, p. 
94). However, construction of residences 
on former landfills is usually discouraged, 
and the construction of large buildings 
usually is permitted only after careful 
engineering studies. Some sanitary land­
fills and dumps are situated on swampy 
flood plans of rivers. The proponents of 
locating a landfill or dump on such a site 
often indicate that after the completion of 
the fill, the land will be elevated, less sub­
ject to flooding, and a greater economic 
value. However, flood control is essentially 
a space-allocation problem and, under 
natural conditions, flood plains and 
swamps provide natural channel-storage 
areas for surplus water (Northeastern 
Illinois Metropolitan Area Planning Com­
mission, 1963, p. 27). If these areas are 
filled they are no longer available for flood 
storage and the space needed to accom­
modate flood waters will be obtained by 

higher flood stages and increased up­
stream flood heights. This may result in 
flooding of upstream areas not formerly 
subject to floods. 

7) Zoning regulations- It is reported by the 
American Public Works Association that 
many cities in the United States (60 per­
cent of 742 cities studied) are restricted 
from acquiring sanitary-landfill sites by 
their zoning regulations. However, the 
Michigan Supreme Court has ruled that a 
sanitary landfill is not an ultimate land 
use and therefore cannot be prohibited on 
the basis of zoning laws (American Public 
Works Association, 1966, p. 95). 

8) Pollution of water resources- The selection 
of a site for a sanitary landfill should take 
into consideration those geohydrologic 
factors that will minimize pollution of 
ground- or surface-water resources. The 
geohydrologic factors include climate, 
topography, drainage, soils, and geology. 
The remainder of this report is concerned 
with these elements. The complex inter­
action of these factors at the waste-dis­
posal site determines the extent and 
degree of pollution that will occur. 

EFFECT OF SOLlD·WASTE DISPOSAL ON THE GEOHYDROLOGIC ENVIRONMENT 

One of the major changes in the land-water 
environment resulting from solid-waste disposal 
in a sanitary landfill is the actual change in the 
topography of the land resulting from the fill 
operation. In fact, this element is considered to be 
one of the advantages of the sanitary landfill over 
other methods of waste disposal. The report of the 
Committee on Sanitary Landfill Practice (1959, p. 
3) discusses this matter as follows: 

"As its name implies, a completed landfill project 
will raise the previous elevation of the ground 
unless large quantities of earth are disposed of 
elsewhere. Swampy areas, ravines, abandoned 
borrow pits, and low-lying areas are thus natural 
locations for a sanitary-landfill operation. A well 
planned program may result in the reclamation 
of such lands for many beneficial community 
projects. Completed landfills have been used for 
golf courses, parks, parking lots, levee improve­
ments, airports, runway extensions, and, in some 
instances, for building sites." 

A golf course was built on a completed landfill 
near Cockeysville in Baltimore County (Shields, 
1969, p. 4) and a park and a zoo were constructed 
on a landfill along a stream in Salisbury, Maryland 
(Wicomico County). 
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Some of the possible changes in the land-water 
environment resulting from solid-waste disposal 
on the land are: 

1) Elimination of flood plains or swamps along 
stream valleys or near estuaries. The elimi­
nation of these features may affect the flow 
characteristics of the watercourse, as well as 
affecting the local biota (destruction of 
breeding grounds, for example) . 

2) A change in the permeability of the landfill 
cover relative to the preexisting soil, possibly 
resulting in a decrease or an increase in 
overland flow from the site. If an impervious 
cover is used, an increase in overland flow 
from the site may result. 

3) A possibly significant change in the chemical 
and physical character of the ground water 
issuing from the landfill. 

In summary, landfilling may change preexisting 
rates of runoff and infiltration in the locale of the 
fill. Infiltration and runoff, important elements of 
the hydrologic cycle, are discussed briefly in the 
following section of the report. 



The Hydrologic Cycle in Maryland 

Briefly, the hydrologic cycle is the earth's 
gigantic water-circulating system operated chiefly 
by the energy of the sun. The elements of the 
hydrologic cycle may be expressed by the hydro­
logic equation, which, in simplified form, is: 

P = R + ET ± SlmYI 

P precipitation (source of nearly all the 
water) 

R runoff (that part of precipitation that 
appears in surface streams) 

ET evapotranspiration (water returned 
to the atmosphere) 

S";\\"I change in ground-water storage (the 
result of infiltration of precipitation 
to the ground-water reservoir) 

Although landfills, dumps, or incinerator waste 
piles may locally change some of the above com­
ponents of the hydrologic cycle, their chief effect 
is to degrade the chemical and bacteriologic quality 
of ground or surface water draining from them. 
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Water from precipitation on a properly earth­
covered landfill might be expected to run off rela­
tively unchanged in chemical, physical, and bacte­
riologic character except in those elements that it 
would normally acquire from surface soil or cover. 
However, some degree of perviousness exists in 
nearly all types of cover material, and some pre­
cipitation will thus infiltrate into the fill material. 
Changes in the chemical, physical, and bacterio­
logic character of this infiltrating water will 
depend on the rates of infiltration, the time the 
water is in contact with the fill materials, and the 
nature of the materials. The infiltrating water 
may be expected to be degraded in quality. Where 
the base of a sanitary landfill lies at or near the 
top of a preexisting saturated zone, the upper 
limit of this zone may rise and cause a more or less 
permanent spring or seep zone to develop at the 
base of the fill. 

Maryland lies in the humid eastern part of the 
United States, and precipitation is normally ade­
quate to provide sufficient water to replenish the 

AND DELAWARE 

Figure 3. Map showing average, maximum, and minimum annual precipitation for each of Maryland's 
climatic divisions for 1929-68. 
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seasonal soil-moisture deficiency and to recharge 
the ground-water reservoirs or aquifers several 
times during a normal year. The average pre­
cipitation in the State ranges from slightly more 
than 45 inches in the Allegheny Plateau to slightly 
more than 37 inches in the adjoining Appalachian 
Mountain division (See fig. 3). The 8-inch differ­
ence in average annual precipitation between the 
two climatic divisions of the State is attributed by 
Schweisow and others (1970, p. 23) to the "rain 
shadow" effect on the prevailing moisture-laden 
westerly winds as they pass eastward over the 
higher elevations of the Allegheny Plateau. 

The lowest annual precipitation (22.06 inches) 
was recorded in the Applalachian Mountain divi­
sion, and the highest (66.78 inches) was recorded 
in the southern Eastern Shore division. Thus, the 
extreme values in the entire State differ from one 
another by more than 44 inches. The disposition 
of the precipitation according to components of 
evapotranspiration and runoff are given in table 4, 
compiled from studies of the hydrologic cycle in 
four Maryland stream basins. 

The annual precipitation in the four basins 
ranged from 41.4 to 43.6 inches, and the evapo­
transpiration ranged from 25.2 to 30.9 inches 
(61 to 71 percent of the precipitation). Total 

annual runoff ranged from 12.6 to 17.1 inches (29 
to 40 percent of precipitation) and ground-water 
runoff, or effective long-term recharge to the 
ground-water reservoirs, ranged from 7.4 to 11.3 
inches (or 17 to 27 percent of the precipitation). 
Actually the ground-water recharge was some­
what greater than the values given above because 
the method of estimation did not account for the 
water that entered the ground-water reservoirs 
but became ground-water evapotranspiration in­
stead of streamflow leaving the basin. 

The major significance of the hydrologic budget 
with regard to this study is to indicate that, for 
Maryland as a whole, at least 10 inches of pre­
cipitation infiltrates annually into the surficial 
aquifers. This quantity of water amounts to about 
174 million gallons per year per square mile, or 
about 470,000 gallons per day per square mile. 
Because of imprecision in the method of obtaining 
this figure, an average value of long-term ground­
water recharge for the entire State might be on 
the order of 500,000 gallons per day per square 
mile. In some instances, more than 10 inches of 
precipitation may infiltrate into a sanitary landfill, 
as Hughes and others (1969, p. 21) report a 
ground-water recharge rate of 15 inches per year 

Table 4. Elements of the hydrologic cycle in four river basins in Maryland. 

Annual Annual 
precipitation evapotranspiration 

Total runoff Ground-water runof 
or effective recharg 

f 
e 

River percent of percent of percent of 
basin inches precipitation inches precipitation inches precipitation 

Beaverdam 
36 V Creek near 41.4 100 25.2 61 14.9 

Salisbury V 

Patuxent 
River basin :u 43.6 100 28.0 64 15.6 36 

Little Gunpowder 
Falls basin £I 42.6 100 25.5 60 17.1 40 

Rock Creek 
basin 0' 43.5 100 30.9 71 12.6 29 

Mean (rounded) 43 100 27 63 16 37 

1/ From Rasmussen and Andreasen, 1959, p. 98. 
2/ During the 2 -year period of the study 3 percent of the precipitation became ground-water storage. 
3/ From Crooks, O'Bryan, and others, 1967, Sheet 2. 
4/ Maximum value in range given by Crooks, O'Bryan, and others, Sheet 2. 
5/ From Dingman and Ferguson, 1956, p. 48. 

inches 

10.7 

7.4!1 

11.3 

8.5 

10 21 

6/ From Dingman and Meyer, 1954, p. 39. 
7/ 1.3 inches of estimated runoff added to Beaverdam Creek for use in computation of mean of four basins to 

adjust for loss to ground-water storage. 
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percent 
precipitati on 

26 

17 

27 

20 

23 



at a landfill site in northern Illinois where the 
average annual precipitation was 33 inches. 
Ground-water recharge is significant with regard 
to solid-waste disposal, as it indicates the possible 
rates of accretion of water to sanitary landfills and 
refuse dumps and the corresponding potential for 
leachate generation from them. 

Owing to local variations in soil and rock type, 
vegetal cover, topographic slope, and the effect of 
the works of man, a wide range occurs in the rates 
of infiltration and recharge from one locality to 
another, even within comparatively small basins. 
Where the surficial materials are clay or shale, 
rates of infiltration to the ground-water reservoir 
will be slow. Such areas are characterized by flash 
floods, rapid rates of runoff, and the drying up of 
streams during droughts of even brief duration. 
The storage coefficient of clay or shale is very 
small, commonly less than 1 or 2 percent, and such 
terranes have little stored water to maintain the 
flow of streams between precipitation events. 

Degradation of the Hydrologic Environment 
by Solid Wastes 

A landfill may be considered a source of hetero­
geneous unwanted material subject to decomposi­
tion or attack by water, air, and bacteria. In a 
humid region, decomposition results in leachate 
and both odorous and nonodorous gases that tend 
to degrade the water and air environment. 
Leachate is generated as a result of the infiltration 
of precipitation or overland runoff into the land­
fill, or by the movement of ground or surface water 
through the landfill, where its base may lie below 
the zone of saturation. 

It has been reported that at a landfill site in 
Great Britain, a year's rainfall of 25 inches 're­
sulted in 10 inches of percolation into a landfill 
(Ministry of Housing and Local Government, 
1961, p. 11) . The particular landfill reported upon 
had an 18-inch soil cover and a flat surface. 

Nearly every hydrologically oriented study of 
refuse dumps or sanitary landfills in humid 
regions indicates that leachate is generated in the 
fi ll where a sufficient quantity of water comes in 
contact with the fill materials. Experience in 
Illinois in level topography has shown that a 
ground-water mound may build up within a large 
soil-covered refuse pile (Hughes, 1967, p. 14). Dis­
charge of leachate from a mound of this type may 
be radial and could result in the degradation of the 
water in several watercourses. 

12 

Some leachate may emerge from the landfill into 
a nearby stream or ditch, where it is subject to 
dilution and attenuation. However, it may also 
travel for considerable distances through the 
ground before ultimately discharging into streams 
or other water-filled depressions. During its travel 
through the ground it will be diluted by the native 
ground water. The movement of leachate-degraded 
ground water will be in response to the laws of 
ground-water flow, but the rates of movement may 
be quite slow. However, as such water cannot be 
readily observed at the surface it may remain 
undetected unless it enters a nearby well or issues 
from a spring. The possibility of pollution of wells 
or springs in the vicinity of landfill sites is obvious 
and pollution of the shallow aquifers has been 
demonstrated at landfills in northern Illinois 
(Hughes and others 1969, p. 22, p. 30, and p. 36) 
and elsewhere. It is, therefore, pertinent to de­
scribe briefly the nature of ground-water flow 
systems in Maryland. 

Movement of Ground Water 

A ground-water flow system involves the pro­
gressive movement of water through the earth. 
The energy causing the movement of the water is 
potential energy, or the energy of position (gravi­
tational energy). The source of all nonsaline 
ground water in Maryland is precipitation. Pre­
cipitation on topographically high sites possesses 
energy driving the water to seek a lower position. 
Water entering the ground on hilltops and hillsides 
moves through the earth materials toward valleys 
or other depressions, where it discharges from the 
ground to become streamflow. Although both re­
charge and discharge occur throughout an area, 
ground-water recharge tends to predominate on 
the hilltops and hillsides, and ground-water dis­
charge tends to predominate on the valley floors 
and other topographically low sites. 

Downward-moving water will fill the intercon­
nected voids or pores in the rocks, resulting in a 
condition of saturation. The upper surface of the 
zone of saturation is the water table. The water 
table in the surficial aquifers is generally highest 
in the late winter and early spring and lowest in 
the late summer and fall, fluctuating in annual 
seasonal cycles. It fluctuates in response to changes 
in the rate of downward replenishment, in re­
sponse to changes in the rate of withdrawal by 
means of wells, and in response to the water 
demands of plants whose roots penetrate below the 
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Figure 4. Map showing idealized ground-water recharge and discharge areas, potentiometric contours, and 
ground-water flow lines in an area drained by a major stream and a minor tributary stream. 
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water table. The surface may also change as a 
result of upward capillary migration of water 
from the saturated zone to replace water used by 
plants whose roots do not penetrate below the 
water table. The zone above the saturated zone 
has been termed the zone of aeration, and the 
moisture in it has been termed "suspended water." 

As mentioned earlier, normally the hill tops can 
be considered as ground-water recharge areas and 
the stream valleys as ground-water discharge 
areas. Figure 4 shows an idealized map configura­
tion of the position of the water table throughout 

A 

GROUND·WATER 

DISCHARGE DOMINANT 

MAJOR 
STREAM 

B 

GROUND WATE R 

RECHARGE DOMINANT 

a small area drained by a major stream and a 
minor tributary stream. The area is assumed to 
be underlain by homogeneous earth materials pos­
sessing rather uniform hydraulic properties. The 
map shows the potentiometric contours and the 
ground-water flow lines, which cross the contours 
at approximately right angles. The flow lines 
show the direction and path of movement of a 
particle of water moving through the flow system 
toward a nearby stream. 

Figure 5 shows in the vertical dimension the 
idealized pattern of ground-water flow into a 
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Figure 5. Schematic section across a major and a minor stream valley showing idealized pattern of 
ground·water flow lines in an aquifer inderlain by a confining layer. 
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major and a minor tributary stream. Figure 5 is 
based on a situation similar to that portrayed in 
figure 4, except that here the aquifer is underlain 
by a confining layer, assumed to be sufficiently im­
pervious to deflect the flow lines in the manner 
indicated. The figure shows that, under the condi­
tions depicted, ground water will flow from the 
adjacent hillsides into both the major and the 
minor stream. Some water, however, will flow 
directly into the major stream from the high 
upland area on the right side of the figure. Thus, 
even in this idealized, relatively simple case, a 
complex system of ground-water flow cells will 
exist. The figure emphasizes the importance of 
the local geology and topography in determining 
directions and rates of ground-water flow. 

A B ( 

In the real world an almost inflnite number of 
variations in the flow pattern shown in figure 5 
can occur as a result of differences in the local 
geologic framework. An example of one possible 
variation is shown in figure 6, where the topog­
raphic situation is identical to that in figure 5, 
but the underlying geologic framework differs. In 
this instance, an aquiclude occupies the interval 
between the level of the major stream and the 
minor stream and lies to the right of the major 
stream. As a result of this circumstance two 
aquifers are present, but only the upper aquifer 
receives direct recharge from precipitation. 
Artesian conditions prevail in the lower aquifer, 
whose source of recharge is from a distant area 
to the right. In reality few rocks are perfect con­
fining layers, so that some vertical leakage may 
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take place through these layers to provide at least 
minimal recharge to the artesian system. With 
regard to the problem of ground-water pollution, 
figure 6 shows how a water-borne pollutant enter­
ing the ground-water flow system of the surficial 
aquifer in the vicinity of the minor stream could 
be prevented from entering the flow system of the 
deeper aquifer by the presence of the aquiclude or 
confining stratum. 

The movement of water into a landfill or into the 
soil beneath a landfill is governed by the infiltra­
tion capacity of the soil, including in this term the 
disturbed earth material used as a cover for the 
landfill cells. Infiltration capacity is defined as the 
maximum rate at which a soil in any given condi­
tion is capable of absorbing water (Wisler and 
Brater, 1959 p. 104). The infiltration capacity of 
landfill cover, however, is affected to a degree by 
compaction by the earth-moving equipment. It is 
difficult to evaluate this factor. Infiltration 
capacities of uncompacted soils are characterized 
by extreme variability, both from one place to 
another and from one time to another at a given 
location. The chief factor causing a downward 
movement of water through the soil is gravity. 
Water moves through the soil as moisture until it 
reaches the zone of saturation. The moisture con­
tent of the soil also governs its infiltration 
capacity. If the soil is quite dry at the beginning 
of precipitation, the wetting of the top layer 
creates a strong capillary potential beneath the 
surface, which supplements gravity in causing 

infiltration. However, an infiltration -retarding 
effect may be caused by the swelling of colloids in 
the soil when it is initially wetted . Colloidal swell­
ing tends to reduce the infiltration capacity during 
the initial period of rainfall. Also, the energy 
imparted by the falling raindrops may mechani­
cally compact a soil at the surface and somewhat 
reduce its infiltration capacity. Additionally, fine 
particles at the surface may be carried downward 
into the soil pores, where they are deposited in the 
coarser voids, producing clogging. Slope of the 
soil surface is an important factor governing its 
infiltration capacity. Steeper slopes promote 
greater runoff and tend to lessen infiltration. 

Vegetal cover is an important factor governing 
the infiltration capacity of a soil. The presence of 
a dense vegetal cover, such as grass or forest, tends 
to promote infiltration, probably because the cover 
increases the looseness of the soil and promotes 
retention of moisture. In fact, some investigators 
believe the effect of cover may be a more important 
determinant of infiltration capacity than soil type 
(Wisler and Brater, 1959, p. 106) . 

Temperature affects the infiltration capacity of 
the soil. During warm seasons the viscosity of the 
water is less, and infiltration rates are somewhat 
greater than in cold seasons. Furthermore, during 
the winter, rain may fall on ground having a tem­
perature below freezing, resulting in an ice crust 
being formed at the ground surface that effec­
tively retards infiltration. 
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Table 5. Infiltration rates for different soils as measured by infiltrometer rings in third hour of a wet run 
(after Free, Browning, and Musgrave, 1940). 

Porosity (percent) Infiltration rate 

Soil type Non- Centi-

Total 
capillary Inches Feet meters 
(specific per per per 

yield) hour day hour 

Gravelly silt loam !/ 54.9 28.1 4.96 9.92 12.60 

Clay loam 61.1 36.3 3.98 7.96 10.11 

Silt loam 57.0 32.0 2.09 4.18 5.31 

Sandy loam 49.6 26.3 1.93 3.86 4.90 

Clay (eroded) 54.3 28.7 1. 78 3.56 4.52 

Sandy clay loam 48.8 27.7 1.42 2.84 3.61 

Silty clay loam 50.8 24.3 .72 1.44 1. 83 

Stony silt loam 59.7 32.6 .55 1.10 1.40 

Fine sandy loam 41. 5 24.2 .55 1.10 1.40 

Very fine sandy loam 49.6 23.4 .51 1.02 1.29 

Loam 45.7 17.2 .50 1. 00 1.27 

Sandy clay 42.9 16.9 .05 .10 .13 

Heavy clay 57.8 27.0 .02 .04 .05 

Light clay 47.0 19.8 .00 .00 .00 

Clayey silt loam 49.4 17.6 .00 .00 .00 

!/ Loam is a soil consisting of a relatively even mixture of sand, silt, and clay size particles. 
Sand partic les have a mean diameter of 2. 0 to O. 05 mm, silt partic les a diameter of O. 05 
to 0.005 mm, and clay particles less than 0.005 mm. 
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Animal and insect borings, as well as decayed 
roots, provide passageways through the soil and 
consequently may increase its infiltration capacity. 

The above discussion indicates that the various 
factors affecting infiltration capacity are not con­
stant throughout the year. Commonly, the soil­
moisture content reaches a maximum in the spring 
and a minimum in the fall. The effects of vegetal 
cover and temperature vary seasonally . The sea­
sonal range in infiltration capacity, measured 
during an 18-month period, is shown in figure 7, 
where the data were obtained from a study of a 
small watershed at Edwardsville, Ill. (Horner and 
Lloyd, 1940, p. 538). The figure shows that infil­
tration is significantly lower in the winter than in 
the late summer and early fall in an area climati­
cally similar to Maryland. 

The preceding discussion indicates that soils 
may range widely in their infiltration capacities, 
both spatially and temporally. Furthermore, the 
various soil types differ one from the other in their 
average infiltration rate. Table 5, shows that the 
infiltration rate of the least permeable soil, a 
clayey si lt loam, was 0.00 foot per day. The most 
permeable soi l, a gravelly silt loam, had an infiltra­
tion rate of 9.92 feet per day. The total porosity 
of the soils ranged from about 41 to 61 percent. 

Physical and Chemical Character 
of Waste Materials 

Physical Compo sition of the Waste: Analyses 
of the physical and chemical character of munici­
pal solid wastes provide some insight into the 
nature of the materials that can degrade the water 
reiOources. The relatively few analyses available 
express the results in different classifications mak­
ing the comparison of the wastes from one area 
with those from another difficult. Table 6 shows 
the composition of municipal waste from Chicago 
during a 2-year period. The data show that paper 
was the major constituent of the waste, on both a 
weight and volume basis. Garbage, a possible 
major source of bacterial pollution, was a minor 
constituent of the Chicago waste. 

Settlement and Compaction: The settlement and 
compaction of a sanitary landfill depends on the 
kind of refuse deposited, the degree of compaction 
achieved by the heavy equ ipment, and the propor­
tion of earth material used in covering the refuse. 
The American Public Works Association (1966, p. 
126) reported that in 58 cities fill depths ranged 
from 4 to 20 feet and half the cities reported only 
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Table 6. Average composition of municipal waste from 
Chicago, III., by weight and volume (American 
Public Works Assoc. 1966, p.47). 

Percent by Percent by 
Constituent' weight volume 

Paper 56.5 74.9 
Ashes 18.7 6.0 
Metal and glass 14.8 13.3 
Grass 9.6 8.8 
Garbage 4.8 2.9 

1 Analyses of 54 samples collected during 1956-58. Each 
sample consists of one truckload of refuse weighing ap­
proximately 3 tons. Average density of samples 13.6 lbs 
per cu . ft. Percentages are weighted average; not all con­
stituents were determined for each sample. 

slight settlement after deposition of the wastes. 
However, the remainder of the cities reported that 
the amount of settlement ranged from 1 to 25 
percent after 2 years. In New York City it is 
reported that initial compaction of the raw refuse 
from the trucks is about 50 percent; that is-3 
cubic yards of truck material compacts to about 
1.5 cubic yards of fill material. Further compac­
tion occurs with time as a result of decomposition 
and void-filling in the refuse. As a result, an initial 
3 cubic yards of truck refuse is reduced to about 1 
cubic yard of fill material (Amer. Pub. Works 
Assoc., 1966, p. 128). Experience in New York 
indicates that at least 90 percent of the total com­
paction occurs within 2 to 5 years after deposition 
of the fill. 

Landfill T empemtu1·es: Temperatures within a 
landfill may be expected to be somewhat higher 
than in the surrounding earth materials. The rise 
in temperature results chiefiy from the decom­
position of the refuse. In fact, the temperature 
within a fill may be a good measure of the rate at 
which decomposition of the materials is taking 
place. Temperature as high as 71 °C at a depth of 
3 feet has been reported in New York 6 days after 
emplacement of the refuse. Subsequently, during 
a 30-day period, the temperature at this depth 
dropped to 50 °C (New York University, 1940, p. 
35). The temperature range in a 6-foot-deep fill at 
Monterey Park, Calif., is reported to have been 
from 29 °C to 50 °C during an 18-month period 
(Committee on Sanitary Engineering Research, 
1959, p. 45) . Similar measurements in a landfill at 
Riverside, Calif., showed a temperature range of 
29 °C to 51 °C during a 17-month period. The 



maximum temperature was observed 2 days after 
emplacement of the fill (California State Water 
Pollution Control Board, 1954, p. 56). Leachate­
polluted water issuing from a landfill might have a 
somewhat higher temperature than normal un­
polluted water, at least early in the filling period. 

Chemical Composition of the Waste: Few data 
are available on the chemical character of refuse, 
and the character of the refuse varies from one 
site to another as well as at different places within 
a single site. Obviously, if industrial wastes are 
incorporated in urban wastes these will affect the 
chemical character of the material. Table 7 gives 
the results of a series of analyses of refuse from a 
landfill at Mandan, N. D. It is not known if these 
data are representative of many other landfills in 
the United States, as most investigators report the 
chemical character of the leachate from a fill 
rather than the chemical character of the waste 
material itself. 

Decomposition and Leaching 

With regard to the decomposition of landfills 
the following information is provided by the 
American Public Works Association, 1966 (p. 
128) : 

"Decomposition of landfills depends on many fac­
tors, including permeability of cover material, 
depth of burial, rainfall, moisture content and 
putrescibility of the refuse, and degree of com­
paction. 

In Richmond, Va., and in New Orleans, La., 
refuse in landfills has reportedly been decomposed 
in three to four years. As a general rule, however, 
climato logical and operational conditions are such 
that much slower decomposition may be expected. 

Garbage and rubbish are made up principally 
of carbohydrates, fats, and proteins. The elements 
of carbon, oxygen, hydrogen, nitrogen and sulfur 
are most prevalent in organic refuse. Refuse in 
sanitary landfills decomposes slowly through the 
anaerobic process of decomposition. Microorgan­
isms of the soil and the refuse are responsible for 
this decomposition. The organic acids of decom­
position tend to pickle refuse, especially in deep 
fills. After many successive breakdowns through 
the feeding and growth of microorganisms and the 
action of their enzymes, the end-products are 
gases and humus material. The gaseous end-prod­
ucts are represented by the following diagram:" 
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Table 7. Analyses of samples of material from a sanitary landfill at Mandan, N. D. (from Weaver, 1961, 
p.105) 

A B C D 
A verage of 10 samples Approximate 

of refuse ready for Sample after Sample after percent change 
burial collected monthly 1 year of 2 years of column A to C 

during period burial burial + = gain, 
Constituent Feb. to Dec. 1950 1950 1951 - = loss 

Total solids 
(percent) 44.9 37.4 66.1 + 47 

Volatile solids 
(percent) 22.5 21. 9 21. 5 - 1 

Fixed solids 22.4 25.4 44.6 + 50 
(percent) 

pH 6.5 6.0 6.6 ---

Acidity to 
phenolphthalein 
as CaC03 2,239 1 , 853 146 - 93 

(mg/l) 

Alkalinity to 
M. O. as CaC03 13,130 727 2,300 - 82 

(mg/l) 

NH4 as N 289 320 163 - 44 

(mg/l) 

Total N as N 5,357 3,118 2,000 - 63 
(mg/l) 

Oxygen consumed 270,970 208,000 230,000 - 15 

(mg/l) 

5~ay BOD 77,050 
(mg/l) 

Some of the gases escape from the fill by upward 
migration through the cover, and some dissolve in 
percolating water migrating downward and later­
ally into the ground-water flow system or into 
streams. The dissolved gases are further involved 
in the complex chemistry of the landfill and the 
leachate generated by it, but a discussion of this 
subject is beyond the scope of this report. 

Methane and carbon dioxide are the principal 
gases produced during the decomposition of refuse 
in a fill. Studies of a Seattle landfill (Dunn, 1957, 

30,000 23,500 - 70 
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p. 790) indicate that the greatest amount of gas 
was produced from refuse that was 6 months to 2 
years old where the refuse was in layers 20 to 40 
feet deep, or where there were two or more layers 
about 8 feet thick. It was also observed that gas 
production declined as the moisture content of the 
refuse decreased. Carbon dioxide dissolves readily 
in water, forming carbonic acid, which, in turn, 
dissolves calcium and magnesium carbonates 
(limestone and dolomite) and increases the hard­
ness of the leachate. Other cations in solution may 



Table 8. Range and average of chemical constituents and properties from a leachate bin at Riverside, 
Calif. (from California State Water Pollution Control Board, 1954, p. 49). 

Minimum 
Constituent (mg/l except 

for pH) 

Calcium carbonate 
(CaC03) as CaC03 650 

Alkalinity , as 
CaC03 730 

Calcium (Ca) 115 

Magnesium (Mg) 64 

Sodium (Na) 85 

Potassium (K) 28 

Iron (Fe), total 6 

Iron (Fe), ferrous 2 

Chloride (Cl) 96 

S04 39 

Phosphate (P04) .2 

Ammonia as N 
(nitrogen) .2 

BOD 81 

pH 5.6 

also contribute to the hardness of the leachate. 
Chemical Character of Leachate: As would be 

expected, the chemical character of leachate 
varies widely, depending on the character of the 
refuse, the character of the earth material used as 
a cover, and on climatic or meteorologic factors. 
Relatively few data are in the literature regarding 
the nature of refuse leachate. However, one of the 
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Maximum 
Average 

(mg/l except 
of 35 samples 

(mg/l except 
for pH) 

for pH) 

8,120 3,633 

9,520 4,629 

2,570 1,047 

410 181 

1,805 940 

1,860 959 

305 110 

93 24 

2,350 1,314 

730 248 

29.0 7.0 

895 437 

33,100 10,850 

7.6 6.5 

first detailed studies in the United States of leach­
ing from a sanitary landfill was made by the 
University of Southern California at Riverside 
(California State Water Pollution Control Board, 
1954, p. 41). The test apparatus consisted of a 
3 x 4 x 14-foot bin incorporated into a landfill and 
equipped with an underdrain for the collection of 
leachate. The bin was filled with a representative 



load of mixed domestic refuse and during a period 
of about 18 months, 1,800 gallons of water (90 
inches ) were added to the bin . The source of the 
added water was a local ·well. Ta ble 8 shows the 
minimum, maximum, and average values of the 
constitutents analyzed: 

The Californi~ report (p. 48) has the fo llowing 
comments regarding the study of leachate from 
the bin at Rivers ide: 

" Initi a l leac h samples coll ected after the appli ­
cation of 320 gallons of water were dark green in 
color, and had a n extremely offe nsive odor. The 
color of sub s'O! qu ent sampl es varied f rom green to 
amber, wh il e the odor rema ined unchanged. It was 
on ly over the la st s ix months that th e leach 
samples were but s li gh tly colored an d had littl e 
odor. 

The concentrat ion of both organ ic an d inorganic 
components was very high in t he first sample of 
leac h a nd continued to r ise for approximately five 
weeks , after whi ch a decline in concentrations 
began. T he decl ine was due to the fact that t he 
r ate of decomposition to soluble compounds had 
reac hed an equilibrium with the rate of leaching . 
At the end of the fi rst s ix months, the concentra­
tion of most ions ha d dropped to abo ut one-half the 
maximum va lues. The r ed uction of ion concentra ­
tions continued until the advent of hot, summer 
wea ther. During the months of July a nd August, 
when a ir and bin tempera tures were hig hest, con­
centrati ons of sodium , potassium, calci um and 
chloride increased marked ly. With th e exception 
of chl oride, the re then fo ll owed a generally steady 
decline until th e concentrat ions reached values 
which have been fa irly cons istent over the last s ix 
months. Ch lo r ide concentrations fiuctuated con­
s iderably. 

The magnesium a nd sulfate concentra tions did 
not undergo a s imilar sha rp increase during the 
summer months, but stead il y declined to va lues 
whi ch have been consi s tent ly low over the la st 
eight months. 

Inorganic phos phate showed a temporary de­
crease , which was to be expected on the basis of 
sy nth esis of organ ic phosp hates by ac ti vely multi ­
plying bacteria l ce ll s. At the same time, there was 
a considerable development of acid , as shown by 
the dec rease in pH. 

Approx imately one year elapsed before the 
leach became a lka line. 

The ·initi a l increase in co ncentra tion of organic 
ma tter shown by the peak BOD of 33,100 mg/ I 
represents th e conversion of complex and insoluble 
orga ni c compounds into more s imple s ubstances by 
the action of microorgan isms . T hese decomposition 
products still had a hig h BOD after the first ten 
months. A very large drop in BOD then occurred, 
a nd within three months ' time va lues as low as 375 
mg / I were being found. At t he conc lusion of t he 
study, the BODs had dro pped to 81 mg/ 1. 

T he relatively slow redu ction of inorgani c com­
ponents- even such solu ble ions as sodium and 
chloride-shows that the re is a la rge degree of 
physical holdback of the inorganic substances. Of 
specia l interest is the consistently high ratio of 
potassium to sod ium . 

In general, the ion concentrat ion r eached a 
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A more r ecent study to determine the character 
of leachate from simulated landfills of various 
thickness is reported by Quasim and Burchinal 
(1970, p. 371-379). This experiment consisted of 
analyzing the leachate from three concrete cylin­
ders fill ed with municipal refuse from Morgan­
town, W. Va. The cylinders were 3 feet in diameter 
and filled with ground refuse to depths of 2.6, 6.4, 
and 10.1 feet. Metals, cans, bottles, and large 
pieces of wood were removed from the refuse 
before it was ground and placed in the cylinders. 
The simulated fi lls were covered with a I -foot 
layer of soil, and approximately 46 inches of water 
were ap plied to the cylinders during a 163-day 
period. The quantities of leachate r ecovered from 
the cylinders ranged from 20 t o 37 inches. Table 
9, which fo llows, shows the chemical analyses of 
the consti tuents extracted from the three simu­
lated landfills: 

Regarding the results of the leaching experi­
ment, the authors state: 

"As wa ter moved through the refuse beds, a 
transfer of materials from the solid phase to the 
liquid phase occurred, with the material being r e­
ta ined in thin li quid film s surrounding the par­
t icles. Sin ce t he fi lls were being leached continu­
ously during the operating period , the r a te of 
decompos it ion controlled t he rate of extraction of 
mater ia ls ; however, early su rges of water through 
the beds seemed to prod uce a wash ing action, 
wh ich extracted the weakl y absorbed materia l 
a lready present on the solid parti cles. The initial 
decrease in the concentrat ions of leaching ma­
ter ia ls indicated this phenomeno n. The second 
gradual increase fo llowed by a prolonged decline 
in concentrations res ulted from the release of 
decompositi on materials. 

The leac h samp les showed a slight increase in 
pH during th e first t wo weeks, f ollowed by a r a pid 
decrease. T he minimum pH of 5.3 was attained in 
79, 135, and 93 days in cylinders A, B, and C, re­
spectively, indicating the accumulation of short­
cha in f atty acids. The bacterial population was 
a ffected a dversely by the pH cha nge and accumu­
la ti on of end prod ucts. The hig hest bacteria l popu­
la ti ons in the three cylinders corresponded to the 
occurrence of maximum pH values after which 
populations follo wed a constant decline, similar to 
that of pH . Decreases of 91.7, 96.9, and 97.3 per­
cent occurred in bacterial populat ions in cylinders 
A, B , and C, respectively, by th e end of t esti ng 
period . . . . 

Amm onia a nd organic nitrogen compounds were 
present in extremely hig h concentrations in the 
leachate du e to their presence as component s of 
li ving organ ic material. Peak values of orga nic 
nitrogen occu rred in the init ial sampl es . As time 
progressed, organic nitrogen g r adua lly was con­
vetted to ammon ia n itrogen. It took about 10 
weeks to attain maximuni concentration of am -
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Table 9. Max imum concentrations and total quantities of constituents extracted from three simulated 
landfill cylinders at Morgantown, VV. Va . (from Ouasim and Burchinal, 1970, p. 377 ). 

Maximum concentration 

Constituent 
(mg/l except for pH) 

and Cylinder Cylinder Cylinder 
property AY B~ C~ 

Acidity (CaC03) 1,800 2,960 3,510 

Alkalinity (CaC03) 10,630 16,200 20,850 

BOD (5 day, 20°C) 14, '760 26,940 33,360 

Calcium {Cal 3,030 4 , 080 2 , 790 

Chloride (Cl) 951 2,000 2,310 

Hardness (CaC03) 7,600 13 , 100 10,950 

Total iron (Fe) 175 546 860 

Magnesium (Mg) 176 387 420 

Ammonia nitrogen (N) 473 756 1,106 

Organic nitrogen (N) 288 664 1,416 

Phosphate (P04) 154 147 128 

Potassium (K) 1,050 2,535 3,770 

Sodium (Na) 584 1,428 1,439 

Solids (organic) 11,385 32,500 32,250 

Solids (total) 21,140 49,800 59,200 

Sulfate (SO 4) 615 1,002 768 

Tannin and lignin 
(tannic acid) 389 756 1,120 

pH 6.3 6. 48 5.88 

Y Cylinder A; total thiclmess of fill and earth cover = 3.6 feet ; 
quantity of leachate recovered = 37 inches (163 gallons) . 

?:../ Cylinder B; total thiclme~s of fi ll and earth cover = 7.6 feet; 
· l" · lq f " -, l , . ( 1 • ..! . .. . . h<"l t- v ...... .. . . . , cl .. ,, -1 .") t in.,llo.. .. c: \ 1 ');": C. , ~\l . , ,,.:-\ 

1 1 ,! {, . .... ,. 

Quantities extracted during period of t est 
(pounds) 

Cylinder Cylinder Cylinder 
A B C 

1. 38 2 . 44 2.69 

9.54 15.95 15. 21 

12 . 84 23 . 70 23 . 59 

2.66 3. 74 2.48 

. 78 1. 32 1.54 

7 . 57 11 . 60 8.05 

.15 .50 .71 

. 17 . 33 .33 

. 40 . 74 . 86 

. 22 .50 .64 

.12 . 04 .10 

1. 07 1.88 3.04 

.53 .98 .90 

12.58 23.40 23.59 

22 . 34 39.18 38.48 

. 51 .72 . 53 

.37 . 75 .97 

-- -- --



Leach samples wer e rich in sodium, potassium, 
calcium, magnes ium, a nd chloride. There seemed 
to be co nsiderabl e mechanical holding even in t he 
case of inorganic ions such as chloride a nd sodium. 
Time ver sus co ncentt'ation curves for sodium 
potassi um, and magnesium wer e very s imilar in~ 
creasing to a peak value within two to four w~eks 
and then decreasing graduall y. Initial leach 
samples had th e highest chl oride concentrations. 
Calcium curves for three cylinders reached a 
maximum value after about eight to nine weeks . 
Total hardness fo llowed essentially the same pat­
tern as calcium. Nea rl y 80 per cent of the hard­
ness in leach samples is attributable to calcium 
hardness al one." 

On the basis of their study, Quasim and Burchinal 
(1970, p. 379) concluded that the concentrations 
of leachate produced from landfills were not di­
rectly proportional to the depth of refuse fi ll , but 
leachates from a deeper fill should be more con­
centrated than those from a shall ower fill. Al­
though the Quasim and Burchinal experiments are 
informative, they may be atypical, as the fill 
material used did not contain metal objects, glass 
bottles, or wood. Furthermore, analysis of the 
hydrologic cycle (table 4) suggests that the 
quantity of water which could infiltrate landfills 
in most of the eastern United States would be less 
than half the 45 inches of water used in th e 
Morgantown experiments. 

Ba cteriologic Character of L eachate : Few pub­
lished data are available concerning the bacterio­
logic characteristics of landfill material, but the 
bacterial count is assumed to be very high, as 
bacteria are chiefly responsible for the decom­
position within the fill. Weaver (1961, p. 105) 
indicates that the coliform count at one landfill 
(site not mentioned) averaged 740,000 per gram 
of refuse. 

Consulting engineers (Green Associates, 1969, 
p. 7) reported that bacteriologic analyses of fi ve 
samples of pond water receiving leachate from a 
landfill near Glen Burnie, Md., showed a coliform 
density described as "too numerous to count." 
These samples were collected during August 1969. 

Quasim and Burchinal (1970, p. 377) , in the 
previously described simulated landfill study at 
Morgantown, W. Va. , report that the maximum 
standard bacterial plate count in leachate from 
the three landfill cylinders ranged from 1.1 x 101: 
to 10.7 X lor: per 100 milliliter s, extremely high 
values . However, these authors r eport the MPN' 
of the leachate from the three cylinder s decreased 

. ' Most probable number (MPN) of coliform organisms 
Il1 a . water sample is the density most likely to produce a 
partlcular result. A number of portions of different size 
of the water sampl e ar e exa min ed for the presence of coli­
fo rm organisms. It is assumed that varia tions follow a 
probability curve a nd that the MPN ca n be determined 
from a complex mathematical expression (for the formu la 
used refer to Clark and Viessma n , 1965, p. 247). 
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markedly durin g the 163-day period of their test. 
(See Quasim and Burchinal, 1970, fig. 10, p. 376.) 

These reported coliform densities m ay be com­
pared with the recommended standards of the 
Technical Advisory Committee on Water Quality 
Standards (U.S. F ederal Water Quality Admin., 
1968). For water used for recreational use other 
than swimming the subcommittee of the Technical 
Advisory Committee recommends the following 
limits for fecal coli forms (1968, p. 10) : 

" In water designated fo r recreation uses other 
t ha n primary contact recreation, the Sub-commit­
tee recom mend s that the fecal coliform content as 
determined by either multipl e-tube fermentation 
or membrane filter techniques, should not exceed a 
log mea n of 1,0001100 ml, nor equal or exceed 
2,0001100 ml in more th a n 10 percent of the 
samples." 

For primary contact recreational waters the 
Committee r ecommends the following (p. 12) : 

"Fecal col ifor ms should be used as the indicator 
orga ni sm for evaluating the microbiological suita­
bi li ty of recreation waters. As determined by 
multiple-tube fermentation or membrane filter 
procedures and based on a minimum of not less 
than five sampl es t aken over not more than a 30-
day period, t he feca l coliform content of primary 
contact re(:reation waters shall not exceed a log 
mea n of 2001100 ml, nor shall more than 10 per­
cent of to tal samples during any 30-day period 
exceed 400/100 ml." 

The microbiologic water criteria for public sur­
face-water supplies recommended by the Commit­
tee are as fo ll ows (1968, Table II-I, p . 20) : 

Coliform organisms 
F ecal coliforms 

Permissible 
criteria 

Desirable 
criteria 

10,000/ 100 ml 100/ 100 ml 
2,000/ 100 ml 20/ 100 ml 

Bacteriological sampling results are discussed 
further in the section of the report describing the 
sampling of water near three Maryland landfills. 

Significance of Field Analyses of Water: During 
the course of this study field analyses were made 
of certain chemical and physical properties of 
waters suspected of being leachate degraded. The 
description and sign ificance of these analyses are 
described below. 

Total hardness is a measure of the alkaline earth 
cations in solution, although Hem states (1959, p. 
146) that "hardness is a property not strictly 
allocable to anyone constitu ent. ... Total hardness 
supposedly represents the effects of all the sub­
stances which react with soap ." Hardness is 
r eadily determined with a field analys is kit. 
Studies in Illinois, California, and other states 
have shown that landfill leachate is characterized 
by excessive hardness. Hardness of a sample of 
leachate from a site in Illinois has been reported 
in excess of 10,000 mg/ l (Hughes, Landon , and 
F ar volden, 1969, p. 85). 



Chloride is present in all natural waters, al­
though in many areas the amounts are small. Pre­
cipitation may contain 2-3 mg/ l or more of chlo­
ride. Thomas and Heidel (1969, p. 7) indicate 
that in Maryland the concentration of chloride in 
water used for public water supplies is commonly 
less than 10 mg/ 1. The chloride content of raw 
water in several public water supplies in Maryland 
cities and towns is (from Thomas and Heidel, 
1969) : 

Place 

Baltimore City 

" " 
Bel Air 
Cambridge 
Cumberland 
Easton 
Frederick 
Hagerstown 

Source 

Loch Raven and 

Chloride content 
(mg / I) 

Prettyboy reservoirs 8.9 
Liberty reservoir 12 
Winters Run 6.2 
Drilled wells 6.1 
Evitts Creek 2.7 
Drilled wells 2.7 
Monocacy River 8.3 
Potomac River and 
mountain springs 17 

Chloride in concentrations of several hundred mil­
ligrams per liter is not harmful to human beings 
or most animals, but concentrations in streams or 
well s in excess of 20-30 mg I I suggest that de­
gradation of the water may be occurring, at least 
in most areas of Maryland. 

Leachate from landfills is characterized by high 
chloride content. Hughes and others (1969, p. 93) 
report that two samples of ground water beneath 
the Woodstock landfill in northern Illinois have a 
chloride content of about 2,400 mg/ l, or about 200 
times the normal chloride content of water in the 
aquifer. Andersen and Dornbush (1967, p. -465) 
report the mean chloride content of water samples 
from three shallow wells near the landfill at Brook­
ings, S. D. , was 320 mg/ 1. These authors consider 
analyses of chloride content a most useful guide to 
degradation of water by leachate from a landfill. 
They make the following statement in this regard 
(p . 466) : 

" The chloride ion determination was the most 
sens itive paramet er used. Wells in the center of 
the r efuse area showed an increase of over 50 
times the chloride concentrations found in the 
native water. The chloride ion is perhaps the most 
suitable indicator of leaching from a r efuse dump 
because : it is easily measured, it is not readily 
absorbed by soil formations, is not alter ed by 
biolog ica l processes, and considera ble quantiti es 
may be present in r efu se." 

Dissolved oxygen is readily measured in the field 
by means of a portable meter. The concentration 
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of dissolved oxygen (D.O.) in water is a signifi­
cant index of its sanitary quality. Waters high in 
organic material, such as sewage wastes, are 
usually low in dissolved oxygen. Dissolved oxygen 
is also of significance in evaluating the corrosive­
ness of the water. The solubility of oxygen in 
water is dependent in part on the temperature of 
the water and in part on the concentrations of 
other gases as well as dissolved solids such as 
chloride. Waters percolating through refuse piles 
(or sanitary landfills) may be expected to be de­
pleted of dissolved oxygen by the organic matter in 
the refuse (California State Water Pollution Con­
trol Board, 1961, p . 61). However, after leaving 
the landfill the water may be subject to reaeration, 
especially in flowing streams, and its dissolved­
oxygen content will normally rise. 

Specific conductance is a measurement of the 
electrical conductance of water. Chemically pure 
water has a very low electrical conductance, but 
the presence of dissociated ions in solution renders 
the solution conductive. Conductance increases as 
the temperature rises; therefore, to make meas­
ured values comparable they must be referred to 
the same temperature. Commonly, analyses by the 
U.S. Geological Survey are referred to a standard 
temperature of 25 °C (77 °F). The conductance 
increases approximately 2 percent for each in­
crease of 1°C in temperature (Hem, 1959, p. 38). 
Specific conductance is a rough measure of the dis­
solved-solids content and provides qualitative evi­
dence of an increase in the mineralization of water. 

The pH, or negative logarithm of the hydrogen­
ion activity in moles per liter, is a quantitative 
expression of the acidity or alkalinity of water. 
Acid water has a pH of less than 7.0 and alkaline 
water has a pH of more than 7.0 . A change of one 
unit represents a 10-fold increase in activity; that 
is, water having a pH of 5.0 is 10 times more acidic 
than water whose pH is 6.0. 

Travel of Pollutants Through Earth Materials 

Pollutants moving through saturated earth ma­
terials may be expected to travel at the rates of 
movement of water, or, in some instances, at 
slower rates. Pollutants leached from sanitary 
landfills that enter the ground-water flow system 
will move at rates governed by the permeability 
(K) of the materials, their effective porosity (p) 
and the prevailing hydraulic gradients (i). 



The basic formula for computing ground-water 
velocity is : 

v 

where: 

Ki 
p 

V = mean velocity, in feet per day 
K = hydraulic conductivity, in feet per dayl 
i = hydraulic gradient, expressed as a deci­

mal f raction 
p = effective porosity, in percent 

A further refinement of the above formu la can 
be made by applying a temperature correction for 
the change in the viscosity of water at different 
temperatures. However, this refinement is prob­
ably not warranted, as most velocity computations 
involve significant assumptions regarding both 
permeability and the effective porosity of the ma­
terials, which probably have a greater error factor 
than that involved in correcting for temperature 
differences. For instance, Meinzer and Wenzel 
(1942, p. 449) indicate that the most permeable 
natural earth material tested was more than 450 
million times more permeable than the least per­
meable material. Even for relatively permeable 
materials a wide range exists in this property. 

Effective porosities of most materials transmit­
ting water are commonly in the range of 10 to 50 
percent. Hydraulic gradients under undisturbed 
conditions seldom are greater than 0.05, and nor­
mally are in the range 0.01 or less to 0.05. Of 
course, in the vicinity of a pumping well , hydraulic 
gradients are large, and ground-water velocities 
may be several times greater than they are at dis­
tance from the well. Thus, porosit ies of earth 
materials range within relat ively narrow limits, 
hydraulic gradients generally are not large, but 
permeabiliti es may range over many orders of 
magnitude. Because of the wide range in permea­
bility of earth materials, accurate prediction of the 
velocity of movement of ground water is difficult. 
However, where ground-water velocities have been 
measured, based on the time requ ired for a chemi­
cal substance to travel from one place to another, 
they range from 0.04 to 13 feet per day. The source 
and locale of this information fo llows: 

1) Pollutants f rom sanitary landfill at Brook­
ings, S. D. (Andersen and Dornbush, 1967, 
p.461) . 

Earth material : Glacial outwash (Pleis­
tocene) consisting of sand , gravel, 
silt, and clay 

1 To convert hydrau li c conductivity to permeabi li ty In 

Meinzer units mu'lti ply by 7.48 (gall ons per cubic foot). 
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Hydraulic gradient: not given 
Rate of movement: < 1 to 3 feet per day 
Distance of t ravel : 1,200 ± feet 

2) Saline ground water at Derby, Colo. (Petri, 
1961, p. 120). 

Earth material : not given 
Hydraulic gradient: not given 
Rate of movement: 13 feet per day 
Distance of travel: 4 ± miles 

3) Du Page County landfill, Ill. (Hughes, Lan­
don, and Farvolden, 1969, p. 109) 

Earth material : glacial sand and gravel 
(Pleistocene) 

Hydraulic gradient: 0.0012 to .0097 
Rat e of movement : 0.04 to 0.271 foot per 

day 
Distance of travel : 600 ± feet 

4) Chrome waste at Douglas, Mich. (Deutsch, 
1963, p . 26) 

Earth material: glacial sand and gravel 
(Pleist ocene) 

Hydraulic gradient: not given 
Rate of movement: 1 foot per day 
Distance of t ravel : 1,000 ± feet 

5) Garbage liquor at Ind ianapolis , Ind . (Cal­
vert, 1932, p. 267) 

Earth material: r iver alluvium and 
glacial outwash 

Hydraulic gradient: not given 
Rate of movement : 2 feet per day 
Distance of travel : 500 + feet 

6) Sanitary landfill at Riverside, Calif . (Cali­
fornia State Water Pollution Control 
Board, 1954, p. 72) 

Earth material : Holocene and Pleisto-
cene all uvium 

Hydraulic gradient: 0.003 
Rate of movement: 4.9 feet per day! 
Distance of t ravel : 900 + f eet 

Di lution and dispersion are effective mechan­
isms for reducing the concentration of pollutants in 
both surface and ground wat ers. The flow of water 
in streams is normally turbulent; hence, the mix­
ing of polluted water with native water may occur 
rapidly. However, ground-water flow is laminar­
that is, it occurs essentially along parallel lines. 
Hence, mixing and di lution tend to be more 
gradual. Furthermore, the rocks themselves may 
act upon the polluted wat er and change its char­
acter. Permeable sand and gravel may effectively 
fi lter out most bacteria within relatively short dis­
tances . Clay may reduce the concentrations of 
some of the objectionable constituents (chiefly 

1 Computed from measurements of permea~il i ty, porosi­
t y, and hydrauli c grad ients measured at the sIte. 
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cations) in landfill leachate through ion exchange, 
although the net result of the process may leave 
the dissolved-solids content about the same as it 
was before passage through the clay. Recent 
studies in northeastern Illinois (Hughes and 

others, 1969, p. 101) suggest that some clay layers 
may act as semipermeable membranes that restrict 
the passage of dissolved ions, although the applica­
bility of this mechanism to landfill leachate has not 
yet been demonstrated. 

TERRANES AS WASTE-D SPOSAL SITES 

The approximately 155 solid-waste disposal 
sites in Maryland (fig. 1) are distr ibuted through­
out the range of geologic formations and physio­
graphic regions represented in the State. Thi& 
divers ity also represents a wide range in geohy­
drologic conditions, and, thus, many different 
mechanisms exist within the State for possible 
degradation of the ground and surface waters by 
leachate from dumps and sanitary landfills. With 
regard to general geohydrologic conditi ons, the 
State is classified into fi ve major terrane types. 
The term terrane as used here is "an area or 
region considered in relation to its fitness or suita­
bility for some specific purpose" (American Geo­
logical Institute, 1962, p. 495). The classification 
herein presented is imprecise, and some localities 
may be classified only with difficulty, but the 
scheme is useful for the purposes of this report. 
The designation of the fi ve terranes is : 

Terrane I. Dissected shale, siltstone, and sand­
stone areas of youthfu l to mature 
relief in the Appalachian physio­
graphic province (includes coal­
bearing synclinal basins in western 
Maryland) ; entire area well drained. 

Terrane II. Limestone and marble valleys of 
moderate relief in the eastern Ap­
palachian and P iedmont provinces; 
area characterized locally by sink­
holes, disappearing streams, and 
underground drainage. 

Terrane III. Moderately dissected crystalline sili­
cate rock areas in the Piedmont 
province having generally mature 
relief; area generally well drained . 

Terrane IV. Dissected to flat upland areas under­
lain by Coastal Plain deposits; area 
generally well drained . 
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Terrane V. Flat, tidal, and intertidal areas un­
derlain by Coastal Plain deposits; 
also includes flood-plain areas along 
a few of the major Piedmont 
streams. 

Figure 8 shows Maryland divided into the five 
terranes described above. 

Terrane I-Shale, Siltstone, and Sandstone 
of the Appalachian Province 

Terrane I is characterized by well-drained, dis­
sected, sedimentary rocks commonly having low 
primary permeability and porosity. In the shale 
and si ltstone movement of ground water is slow, 
except in crevices or fractures, or near the land 
surface where weathering has resulted in in­
creased permeability. The sandstone is somewhat 
more permeable than the shale and siltsone, but in 
the un fractured condition many of the sandstone 
beds are poorly permeable. It is believed that most 
of the water movement in the sandstone occurs 
along fractures and joint planes. 

The coal-bearing strata (of Pennsylvanian age) 
in Maryland are in Terrane I. These strata occupy 
fi ve northeast-south west-trending structural ba­
sins or troughs in Garrett and Allegany Counties 
(Vokes, 1957, p. 109) . There are reported to be 
several hundred abandoned coal strip mines in the 
two major coal basins, the Upper Potomac basin 
and the Georges Creek basin. At present (1970) a 
few of these mines are being used as sanitary land­
fills , and the possibility exists that other aban­
don ed strip mines will also be used for this purpose 
in the near future . 

Abandoned strip mines may be considered suit­
able sites for sanitary landfills because: 1) the 
extraction of the coal has created a depression on 
the hillside that may be filled without the expense 



of additional excavation; and 2) the strata below 
the coal may be sufficiently impervious that 
leachate from the fill cannot move downward to 
pollute underlying aquifers directly; 3) in some 
instances, the chemical nature of the fill material 
may be such that the acidic water normally drain­
ing from abandoned mines may be partly neu­
tralized by the fill material; and 4) the physical 
configuration of the mine may facilitate collection 
and treatment of the leachate, if that should be 
desirable or necessary. 

Waage (1950, p. 46) illustrates the character of 
a typical sequence of four lithologic zones asso­
ciated with each coal bed. The sequence is: 

, .' 

4. Shale zone (top): Gray to black shales of 
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fresh-water, brackish-water, or marine depo­
sition . Some of the fresh and brackish-water 
shales are si lty or sandy; some are carbonace­
ous or pyritic, or have ironstone concretions. 
The marine shales are usually calcareous, 
and in the more western exposures contain 
thin beds of fossiliferous limestone or of lime­
stone concretions. 

3. Coal zone: Coal, cannel coal, "bone," or 
high ly carbonaceous shale. 

2. Underclay zone: This is the most variable part 
of the sequence. It may be a simple zone of 
dark-gray silty clay, or a complex zone of 
plastic: semi-plastic and flint clay, claystones, 
fresh-water argillaceous limestones and marls. 
In the Conemaugh and Monongahela Forma­
tions this zone often contains red clays. 

1. Sandstone zone: This zone consists of coarser 
clastic materials ranging from siltstone to 
conglomerate; fine to medium-coarse sand is 
most characteristic. Pebbles in the conglom­
erates are predominantly quartz. 
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Figure 9. Schematic section across an abandoned coal strip mine showing possible geohydrologic conditions. 
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The presence of underclay and shale below and 
above the coal should retard or limit the direct 
downward migration of leachate generated from 
a sanitary landfill in a strip mine. Figure 9 shows 
an idealized geologic section across an abandoned 
strip mine in western Maryland before its con­
version to a landfill operation. Commonly, the base 
of the coal bed is marked by a seep zone or several 
small springs. During extended droughts these 
may dry up, or the flow from them will be signifi­
cantly reduced, thus sporadically reducing their 
potential for leachate generation. Unless provision 
is made for drainage by the mine operator, the 
trough between the coal bed and the spoil bank 
many contain small shallow ponds of acid mine 
water. As is shown in figure 9 the general direc-

SANITARY LANDFill 
HIGHWALL 

PERCHED WATER TABLE 

COVER 
MATER IAL 

BERM 

tion of ground-water movement is from the hill 
above the coal vein to the small stream in lthe right 
center of the figure. 

Figure 9A shows the geologic section across the 
same strip mine after it has been converted to a 
sanitary landfill and covered with a few feet of 
spoil-bank material. An impervious cover over the 
landfill will retard or diminish the direct percola­
tion of precipitation or runoff into the fill, but the 
cover cannot prevent the fill material from be­
coming saturated with ground water in mines 
where ground-water seeps existed before use of 
the mine as a sanitary landfill . Now the ground 
water issuing from the coal seam may percolate 
through the landfill. Unless adequate drainage is 
provided, water can saturate the fill and result in 
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Figure9a. Sch~matic se~t,ion ,across an abandoned coal strip mine converted to a sanitary landfill showing 
pOSSible modification of local geohydrologic conditions. 
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Table 10. Chemical ana lyses of water during a 3-1/2-vear period from the Lewis spring neaY the Frostburg 
demonstration sanitary landfill . 

Sample of Sample of Range in values 
Constituent February 20, 1967 July 28, 1970 during Number 

or period covered of 
property !I --- " analyses (mg/l elCcept (mg/l except (mg/l except 

for pH) for pH) for pH) 
---------. ~-~~ ._- - t-- - -

Iron (Fe) 0 . 0 0 . 0 0.0 - 0.7 13 

Chloride (Cl) 4 , 0 1.0 1 . 0 - 9 . 0 13 

Nitrate as N 0.7'Y 3.4 0 . 06 - 3.4 13 

.-

Total solids 120 150 104 - 340 14 
(mg/l) 

Hardness as 92 113 88 - 270 14 
CaC0

3 

pH 4 . 3 7.6 4 . 3 - 7.9 12 

.!/ All analyses by the Maryland Dept. of Health. 

~/ Analysis from sample of March 16, 1967 . 
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the generation of leachate from the fill material as 
well as acid water from the coal seam. Figure 9A 
shows a leachate drain that can be installed to 
prevent excessive saturation of the fill material. 
Water issuing from the drain could be treated to 
remove undesirable constituents if this were eco­
nomically feasible. In the absence of a leachate 
drain the water may move perpendicular to the 
plane of the section and emerge at a lower outlet 
along the stripped area. The ultimate disposit ion 
of the leachate from thi~ source is usually the 
nearest ditch or small stream. 

FToStblll'g Demonstration Landfill (All egony 
County): An abandoned strip mine in the Georges 
Creek basin in western Maryland has been used as 
a sanitary landfi ll s ince April 1967. Part of the 
financing of the landfi ll operation has been by the 
U.S. Publ ic Health Service to the Maryland De­
partment of Hea lth a~ a demonstration project to 
show whether abandoned coal strip mines cou ld 
be used effect ively for the disposal of solid wastes. 
The former mine is located approximately 1 mile 
"vest of the town of Clarysville and about 1.3 miles 
southeast of the campus of Frostburg State Col­
lege in Allegany County. The mine was about 
1,900 feet long, 50 feet wide at the bottom, and 
about 110 feet wide at the top. Its depth r::wged 
from 30 to about 44 feet. 

The site is under lain by the MonongahelaForma­
tion of Pennsylvanian age. In Maryland this unit 
consists of 240 to 270 feet of sandstone, shale, si lt­
stone, limestone, and coal. It is not known for cer­
tain which coal was mined, but it is presumed to be 
the Lower Sewickley coal (also known as the 
Tyson coal). The strata in the wall s of the mine 
consist chiefly of black and gray shale and th in 
beds of silty sandstone. The coal at the site is 
approximately 2 feet thick, but is nearly every­
where covered with slump material. 

In the summer of 1966 the floor of the mine was 
reported to be dry, but in March 1967 (shortly 
before beginning the fi ll operation) about 5 feet 
of standing water was present in the mine (Shields 
and Barstow, 1967, p . 5). As it was concluded that 
this water was chiefly the result of runoff into the 
mine from rainfall and melting snow, a diversion 
ditch was constructed around the upper edge of 
the mine to retard hillslope runoff from entering 
the pit. A drainage ditch was also constructed to 
remove the standing water from the mine before 
beginning the landfi ll operation, but intermittent 
ponding occurred during the operation. 
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By the summer of 1970 the Frostburg landfill 
had been in operation for more than 3 years, serv­
ing as the disposal site for the solid wastes from 
nearly all of All egany County, including the city 
of Cumberland (1970 population, 29,084). 

To determine the extent of possible ground- and 
surface-water degradation resulting from the 
landfi ll operation , coll ection of a series of samples 
from nearby water sources was begun in February 
and March 1967 by the Division of Solid Wastes 
of the Maryland Department of Health. These 
sources are: a privately owned drilled well ap­
proximately 1 mile west of the landfill; a spring, 
known as the Lewis spring, approximately 0.5 mile 
east of the landfill and at a lower elevation; and 
Braddock Run, a tributary of Wills Creeek, at a 
point along Maryland Route 55 about 0.7 mile east 
of the landfi ll. In addition to these waters, chemi­
cal analyses were made of the water in an inter­
mittent pond at the lower end of the abandoned 
strip-mine used for sanitary landfilling. 

Only a few water samples were collected from 
the privately owned well , and these were collected 
mainly during the initial period of landfi ll opera­
tion. Because of the lack of information concerning 
the construction of the well and the nature of the 
strata penetrated by it, the chemical analyses of 
the well samples are not reviewed here. 

Chemical analyses of selected important con­
stituents from Lewis Spring fail to show evidence 
of pollution of the water by leachate during a 3%­
year period. These analyses are summarized in 
table 10, which follows: 

Chemical analyses of selected important con­
stituents were made during the period January 
1968 to August 1970 from Braddock Run at a site 
east of the Frostburg landfill. These data, in table 
11, do not show any significant degradation of this 
stream as a result of leachate issuing f rom the 
landfill. However, since little information is avail­
able regarding possible dilution of such leachate 
by the water in Braddock Run, the chemical 
analyses are inconclusive, by themselves. If future 
studies were to be made of the geohydrology in the 
vicinity of this landfill, it would be desirable to 
measure the flow of nearby streams concordantly 
with the collection of water samples for chemical 
analyses. An additional refinement to evaluate the 
pollutional capability of the landfill would involve 
the introduction of a tracer substance into the 



Table 11. Chemical analyses of water during a 2·1/2·year period from Braddock Run near Md. Route 55 
in the vicinity of the Frostburg landfill . 

Constituent Sample of Sample of Range in values 

or January 15, 1968 August 18, 1970 during Number 

property Y 
of 

period covered analyses 
in range 

(mg/l except (mg/l except (mg/l except 
for pH) for pH) for pH) 

Iron (Fe) 9.0 9.0 0.0 - 12 11 

Chloride (Cl) 2.5 1.5 2.5 - 208 11 

Nitrate as 1.9 .1 .04 - 1. 9 11 

N 

Total solids 754 1,040 684 - 1,040 10 

Hardness as 
CaC03 438 569 399 - 569 11 

pH 6.1 6.8 3.7-6.8 11 

Y All analyses by Maryland Dept. of Health. 

landfill and the subsequent monitoring of nearby 
streams, springs, and wells to determine if and 
when the tracer arrived at these sources. Possible 
tracers include potassium iodide, sugar, and 
rhodamine dyes. 

The only chemical data available from the Frost ­
burg landfill indicating that leachate-degraded 
water issues from the fill are a series of analyses 
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of water from an intermittent pond at the lower 
end of the abandoned strip mine which is being 
filled. These analyses, summarized in table 12, 
show that the iron content of the water increased 
several hundredfold during a 3-year period, chlo­
rides increased about 30 times what they were 
initially, and total solids increased by a factor of 
13. Analyses of the common cations, trace ele-



Table 12. Chemical analyses of water from a pond at lower end of the strip-mine near Frostburg prior 
to and during a 3-year period of landfilling. 

Sample of Sample of Range in values 
Constituent during Number of March 16, 1967 April 27, 1970 

or period covered analyses 
property Y (mg/l except (mg/l except (mg/l except in range 

for pH) for pH) for pH) 

Iron (Fe) 0.3 100 0.2 - 2,250 10 

Chloride (Cl) 6.0 192 .5 - 231 9 

Nitrate as N .1 3.0 .1 - 3.0 9 

Total solids 248 3,316 208 - 7,058 9 

Hardness as 106 -- 106 - 2,310 9 
CaC03 

pH 7.1 5.3 3.7 - 7.9 9 

Y All analyses by Maryland Dept. of Health. 

ments, and complex organic substances in the 
water are not available. 

The relatively small number and kind of chemi­
cal analyses of water available from the few moni­
toring sites does not indicate that significant 
degradation of the ground or surface waters has 
taken place in the vicinity of the Frostburg land­
fill , but the number and location of these sampling 
sites is inadequate and non-optimal. The Maryland 
Department of Health is currently (1970) drilling 
monitoring wells near the landfill and has estab­
lished a more extensive chemical-quality monitor­
ing system than the earlier system described here. 
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W ester·npo1·t Demonstration Landfill (Gan-ett 
County): During September 1968 refuse-disposal 
operations were started on a sanitary landfill in an 
abandoned strip mine at Franklin Hill in eastern 
Garrett County. The site is located along Aaron 
Run, a south-flowing tributary of the Savage 
River, and is about 2 miles west of the town of 
Westernport and nearby communities. It is known 
as the Westernport landfill. The fill operation and 
experimental work undertaken at this site have 
also been financed in part by funds from the U.S. 
Public Health Service through the Solid Wastes 



Division of the Maryland Department of Health. 
Franklin Hill is underlain by the Conemaugh 

Formation of Pennsylvanian age, which consists 
of siltstone, sandstone, coal, shale, and underclay . 
In Garrett County the Conemaugh is from 825 to 
925 feet thick and is divided into an upper and 
lower member by the Barton Coal, the seam for­
merly mined at the demonstration site. 

During early 1969 two experimental landfill cells 
were constructed at the lower end of the strip 
mine. These cells, 100 feet long and 16 feet wide, 
were underlain by a I-foot layer of crushed stone 
underdrain and a 2-foot layer of crushed stone 
cover. Acid mine water draining from the floor of 
the strip mine was pumped intermittently over the 
surface of the landfill cell and allowed to drain 
through the fill material, where it was collected by 
the underdrain in a concrete sump pit. 

Chemical and bacteriologic analyses were made 
of the mine-drainage water before and after its 
passage through the fill material. It was consid­
ered possible that the rp,fuse in the landfill cells 
might decrease the acidity of the mine water. At 
the time of preparation of this report analyses of 
the Westernport leachate were not available. Cur­
rently (1970) the Franklin Hill strip mine is being 
continued as a sanitary landfill, but no additional 
leaching experiments are being made at the 
demonstration cells. 

Terrane II-Limestone and Marble Valleys 

Areas underlain by calcareous rocks constitute 
a distinct type of terrane having lithologic and 
hydrologic characteristics that distinguish them 
from other terranes. Because of the greater 
solubility of calcareous rocks in comparison with 
siliceous rocks, areas underlain by limestone com­
monly are the sites of valleys of gentle to moderate 
relief, at least in humid regions. 

Limestones (including dolomites) occur in 
Maryland chiefly in three localities, the Hagers­
town Valley (or the Great Valley), the Frederick 
Valley, and a group of smaller valleys in central 
Baltimore County. Minor areas underlain by 
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As a result of weathering, erosion, and deposi­
tion, the limestones are mantled with saprolite, 
residuum, and colluvium, but all three types of 
material may not be present at anyone place. 
Saprolite and residuum are formed in place, but 
colluvium is usually derived by the processes of 
creep or slope wash from nearby topographically 
higher sites. The three types of material are 
sometimes designated by the general term "weath­
ered zone" where they have not been identified 
separately. 

The weathered zone is quite variable in thick­
ness. In the Hagerstown Valley, Slaughter (1962, 
p. 72) reports that the weathered zone in limestone 
strata ranges in thickness from 0 to 127 feet and 
averages 33 feet, based on the casing records of 
about 250 water wells. In the marble valleys of 
central Baltimore County, Dingman and Ferguson 
(1956, p. 20) report that the depth of weathering 
ranges from 6 to 222 feet and averages about 42 
feet, based on the records of 44 wells. The extreme 
reported depth of 222 feet is probably the result 
of a well being situated along a deeply weathered 
fau lt plane. 

Distinctive soil types develop in areas underlain 
by calcareous rocks. Knowledge of the physical 
and hydraulic properties of these soils is im­
portant in evaluating limestone terranes for their 
water-pollution hazard with regard to sanitary 
landfills and refuse dumps. The major soil series 
in the limestone valleys have been mapped by the 
U.S. Dept. of Agriculture (1959 and 1960). The 
soils consist of fine sandy loam, cherty silt loam, 
gravelly loam, and clay. Drainage characteristics 
range from well drained to poorly drained, and the 
reported infiltration rates range from 0.06 to 6.3 
inches per hour, 

Throughout a large part of the limestone ter­
rane the strata are complexly folded, faulted, and 

structurally disturbed. Thus, the dip of the strata 
may range from a few to 90°. Beds of shale or 
siliceous limestone separate the more soluble, 
purer limestone strata from one another. Further­
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Hydraulically, the residuum behaves quite dif­
ferently from the underlying creviced limestone. 
The residuum may significantly retard the move­
ment of water, and it may effectively filter bacteria 
and fine suspended material f rom the water. 
Figure 10 shows a schematic section across dip­
ping limestone and shale beds where a san itary 
landfill has been established not far f r om a stream. 
As depicted in the section, ground water is moving 
from the hilltop beneath the landfill and is dis­
charging into the nearby stream. If the soil under­
lying the landfill is sufficiently thick and impervi­
ous, some protection from pollution might be 
afforded the underlying ground water. Wells or 
springs locat ed on the opposite side of the stream 
might be safe from pollution unless pumping (in 

the case of a well ) diverts ground water from 
beneath the landfi ll. It would appear that, because 
of the dipping shale layer, any wells located on 
the extreme left side of the section would be safe 
from pollution. The section, of course, does not 
necessarily represent any real situation, but illus­
trates the nature of the possible hazard that can 
be created by the unwise location of a landfill. 

Sanitarlj Lalldfill near TexcLs (Baltinw1'e COUlZ­
ty): In Augu!St 1966 sanitary-landfill operations 
were begun on a 55-acre t ract of land approxi­
mately 0.5 mile north of the community of Texas 
in central Baltimore County. By July 1970 the 
Texas landfill was filled to about 75 percent of 
capacity (Charles Farley, Baltimore County Dept. 
P ublic Works, oral commun., 1970) . The rate of 
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Figure 11. Map showing location of the sanitary landfill and water-quality monitoring sites at Texas, Md. 
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filling was about 600 tons per day. 
This landfill occupies the site of a series of sand 

pits formerly used as a source of dolomite sand. 
The sand is derived from the weathering of a 
phlogopite-calcite metadolomite rock association in 
the Cockeysville Marble of Precambrian (?) age 
(Choquette, 1960, p. 1,039). Ten borings by the 
Baltimore County Department of Public Works 
made before the use of the site for a landfill show 
that the soil and saprolite ranged from 7 to 28 feet 
thick and had an average thickness of 15 feet. 

The Cockeysville Marble is about 750 feet thick. 
At Texas it forms a 0.5- to 2-mile wide and 3- to 
4-mile long north-trending valley. The marble has 
been extensively quarried at a large operation 
immediately west of Texas, and there are other 
smaller abandoned marble quarries in the Cockeys­
ville-Texas area. The marble is highly metamor­
phosed and is complexly folded and faulted. 

Solution features, such as sinkholes and tunnels 
developed by circulating ground water, are not 
prominent in the Cockeysville. However, at a few 
places underground drainage channels exist. In 
1961 a cavernous zone was found in the marble 
about 3.5 miles southeast of Texas during the 
digging of a soil-percolation test hole. The cavern 
or tunnel at this place must be several hundred 
feet in length, as a tracer dye poured in the well 
reportedly emerged at Loch Raven Reservior after 
a few hours. The test hole was about 0.4 mile from 
the reservoir. 

Examination of the Texas landfill early in De­
cember 1969 showed that water was issuing from 
a narrow drainage ditch at the north end of the 
site. About 75 feet north of the active fill area 
the ditch empties into Parks Run, a small tributary 
of Beaverdam Run. Figure 11 shows the location 
of the Texas landfill and the water-quality moni­
toring sites discussed in this report. 

Monitoring was begun on December 3, 1969, to 
determine what differences might exist in the 
chemical and bacteriologic character of the water 
from the landfill and the water from the receiving 
stream (Parks Run) at an upstream control point 
(fig. 11). The waters were analyzed for total 
hardness, chloride, dissolved oxygen, specific con­
ductance, and total organic carbon. The pH and 
temperature were also measured. An approximate 
index of the bacteriologic character of the water 
was obtained by counts of the total coliform group 
and fecal coliforms. 
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The pH of 10 samples of water from the landfill 
drainage ditch (fig. 11) ranged from 7.0 to 7.6. 
The slightly alkaline pH is due chiefly to the effect 
of the dolomite sand used as a cover material for 
the landfill. 

Hardness of water results chiefly from the pres­
ence of ions of calcium and magnesium. The total 
hardness of water from the drainage ditch ranged 
from 390 to 1,200 mg/ l in nine samples analyzed. 

Chloride content of the drainage ditch water, in 
five samples, ranged from 157 to 198 mg/ I. The 
chloride content appeared to be progressively 
increasing during the period of measurement from 
June to November 1970. 

Seven discharge measurements of flow in the 
drainage ditch during 1970 ranged from 11.5 to 
36 gpm and averaged about 23 gpm. Most of the 
measurements were made using a V -notch weir 
installed in the ditch. These measurements indi­
cate that an average of about 30,000 gallons per 
day flowed from the ditch into Parks Run. 

Tables 1 and lA (Appendix) show the results of 
periodic chemical and bacteriologic analyses of 
water from the Texas landfill drainage ditch and 
from the nearby control stream (Parks Run). 
Table 13, which follows, summarizes the results of 
these data. 

--Table 13. Comparative mean values of selected constituents 

Constituent 

or 

property 

and properties of water from the Texas landfill 
drainage ditch and from Parks Run, a nearby 
control stream. l! 

Land[!l1 dra inage Control stream 
ditch (Parks Run) 

Mean Number of Mean Number of 
value measurements value measurements 

Total hardness 
as CaC03 880 9 309 6 

(mg/l ) 

Chloride 
(el) 181 5 49 4 

(mg/l) 

Di ssolved 
oxygen 5. 3 12 8.9 8 
(Oz) 

(mg/! ) 

Spec ific 
conductance 1 , 463 12 590 8 
at 250C 

!/ Ana lyses by U. S. Geological Survey. 



The data in table 13 show that a significant dif­
ference existed in the total hardness of the water 
issuing from the Texas sanitary landfill compared 
with that from Parks Run, the control stream. The 
landfill water had hardness nearly three times that 
of Parks Run. Chloride content, based on five anal­
yses, was nearly four times greater in the water 
from the landfill than in the water from the control 
stream. Dissolved-oxygen content was significantly 
lower in the water from the landfill than in the 
water from the control stream. Specific conduct­
ance of the water from the landfill was more than 
double that of the control stream. Thus, the water 
issuing from the landfill was degraded, but the 
analyses made do not indicate the existence, 
nature, or concentrations of specific toxic or highly 
deleterious substances that were leaching from 
the landfill. It would be appropriate to analyze for 
the possible presence of such substances in the 
landfill discharge. 

Analyses for coliform bacteria in the water of 
the landfill drainage ditch during the period De­
cember 1969 to November 1970 ranged from 320 
per 100 ml (milliliters) to 86,000 per 100 ml (see 
Appendix, Table 1). The range of coli forms in the 
control stream during the period from late April 
1970 to November 1970 was 1,000 per 100 ml to 
39,000 per 100 m!. The U.S. Federal Water Quality 
Administration (1968, p. 20) has suggested that 
for public-water supplies from surface sources 
the permissible limit of coliforms is 10,000 per 100 
ml and the desirable limit is 100 per 100 mJ.1 

Fecal coliform bacteria in the drainage-ditch 
water ranged from 25 per 100 ml to 6,000 per 100 
ml during the same period covered by the coliform 
analyses. The U.S. Federal Water Quality Ad­
ministration (1968, p. 20) has suggested that for 
public-water supplies from surface sources the 
permissible limit of fecal coliforms is 2,000 per 
100 ml and the desirable limit is 20 per 100 ml. 

There are several possible sources of fecal coli­
forms in the drainage-ditch water, but the excep­
tionally high counts during January and February 
1970 (6,000 and 5,400 per 100 ml) are believed to 
be due to several hundred sea gulls at the landfill 
during these months. The gulls apparently migrate 
from the Chesapeake Bay during midwinter when 
ice cover in the upper Bay interferes with the 
normal food-gathering activities of the birds. 

I Microbiologic limits are monthl y arithmetic averages 
based upon an adequate number of samples. Total coliform 
limit may be relaxed if the fecal coliform concentration 
does not exceed the specified limit. 
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Terrane III-Crystalline Silicate-Rock Areas 
of the Piedmont 

Terrane III consists of crystalline silicate rocks 
of the Piedmont physiographic province. The land 
surface is undulating to hilly or rugged and gen­
erally well drained. The Piedmont province ex­
tends from the Fall Zone on the east to Catoctin 
Mountain on the west and includes about 2,500 
square miles, or one-fourth of the area of Mary­
land (Vokes, 1957, p. 56). The Piedmont is under­
lain chiefly by ancient igneous and metamorphic 
rocks consisting of gneiss, gabbro, phyllite, slate, 
schist, serpentine, and granite. Marble and related 
carbonate rocks also occur in the Piedmont, but 
these rocks have been included in Terrane II be­
cause of their distinctive hydrologic and geologic 
characteristics. In places in the Monocacy and 
Potomac River valleys, sedimentary rocks of 
Triassic age, chiefly shales and sandstones, occur 
in troughs surrounded by much older crystalline 
rocks. However, for the purposes of this report, 
these rocks have been included in the discussion of 
the Piedmont area. 

The crystalline rocks extend to great depths, but 
most ground water in them occurs in fractures , 
crevices, and joint planes in the uppermost few 
hundred feet. The rocks weather to form a mantle 
of saprolite. The thickness of the saprolite is 
greatly influenced by the climate. A warm, humid 
climate favors the development of a thick and ex­
tensive zone of saprolite. Saprolite grades from a 
true soil at the surface to unaltered (fresh) rock 
at depth. The thickness of saprolite in the Mary­
land Piedmont ranges from a few feet to more 
than 100 feet and averages about 45 feet. Some 
differences exist in the thickness and nature of the 
saprolite derived from various rock types. Com­
monly the phyllite and phyllitic slate is mantled by 
a relatively thin zone of saprolite and true soil. 
Certain rocks, such as gabbro, diabase, and marble, 
weather to residual boulders irregularly dis­
tributed throughout the saprolite. The presence of 
large numbers of such boulders in the weathered 
zone may create a problem where it is planned to 
use the weathered rock (subsoil) as a source of 
landfill cover material. 

Figure 12 is a schematic section across a sani­
tary landfill in crystalline-rock terrane. The geo­
logic and hydrologic situation depicted is only one 
of a large number of possible situations. The illus­
tration shows an active landfill cell and a com-
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Figure 12. Schematic section across a sanitary landfill in crystalline-rock terrane showing hypothetical 
movement of ground water. 

pleted cell situated near a hilltop underlain by 
fractured crystalline rocks. As depicted, both 
cells are well above the water table, whose position 
fluctuates seasonally in response to ground-water 
recharge. Leachate from the landfill can percolate 
down through the saprolite and enter crevices and 
fractures in the underlying rocks. Water in the 
hypothetical well, spring, and stream might be 
subject to degradation by the leachate. The per­
meability and thickness of the subsoil beneath the 
fill determines whether or not the ground water 
underlying the landfill is degraded. It is possible 
that a thick but moderately permeable subsoil 
might effectively filter most bacteria derived from 
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the refuse and might alter the composition of the 
leachate significantly, possibly by removal of cer­
tain compounds present in colloidal from, or by 
ion exchange. However, many of the ionic con­
stituents will pass unchanged through the under­
lying earth materials, subject only to dilution and 
attenuation by the deeper ground water. This 
statement applies also to subsoil in terranes other 
than crystalline rocks. 

R eichs FOTd Road Sanitar'Y Landfill (F1'ederick 
County) : Sanitary-landfill operations were begun 
during August 1969 on a tract of land approxi­
mately 3 miles southeast of Frederick, Md. (1970 
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Figure 13. Map showing geology, location of the sanitary landfill, and water-quality monitoring stations 
in the vicinity of Reichs Ford Road near Frederick. 

population 23,463). The landfill, serving the Fred­
erick area, lies immediately south of Reichs Ford 
Road and north of Bush Creek, a tributary of the 
Monocacy River. The landfill occupies a small 
valley drained by the west branch of Boyer Run, a 
south-flowing tributary of Bush Creek (fig. 13). 
The landfill site was formerly the Paul W. Boyer 
farm. By the summer of 1970 the rate of filling 
was reported to be about 100 to 125 tons per day 
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(W. Barstow, Maryland Department of Health, 
oral commun., 1970). 

The landfill is underlain by the Urbana Forma­
tion 1 of probable Precambrian age. This forma­
tion extends to great but unknown depths and 
consists of hard, dense, dark-gray to green seri-

1 Geologic nomenclature is that of the Maryland Geo­
logical Survey and may not be the same as that of the 
U.S. Geological Survey. 



cite-chlorite phyllite, metasiltstone, and quartzite. 
Thin lenses of impure marble and calcareous 
phyllite occur locally. The geology of the site is 
shown by Jonas and Stose (1938), and more de­
tailed geologic information has been furni shed by 
Jonathan Edwards, Jr., of the Maryland Geologi­
cal Survey from his unpublished map. The map­
ping by Edwards is shown in figure 13. 

Before acquisition of the site for the purpose of 
a landfill, 11 borings were made to determine the 
depth and nature of the weathered rock and soil. 
G. G. Gill, engineer of the firm that made the 
borings, stated (written commun. to R. J. Rothen­
hoefer, City Engineer of Frederick, Md., 1967) : 

"The borings revealed overburden soils which 
are principally clayey silts extending to depths of 
anywhere from 2.5 to 12 feet below the existing 
ground surface. Below this point was encountered 
a very indurated material that has undoubtedly 
been formed in place through weathering of t he 
unde·rlying rock. .. . " 

The surface soil at the landfill site is shown on 
the soils map of Frederick County (U.S. Dept, of 
Agriculture, Soil Conservation Service, 1960, 
Sheet 40) to be a Manor channeryl and gravelly 
loam (MaDZ and MaEA). With regard to the 
engineering characteristics of soils of this type the 
following statement is made (p. 122) : 

"Somewhat excessively drained, shallow to very 
shallow, upland soils developed in residuum from 
highly micaceous schist and phyllite . ... The 
entire profi le is rapidly permeable to very rapidly 
permeable. Bedrock lies at a depth of 3 to 5 feet ." 

The upper limit of the landfill is about 75 feet 
below a small spring-fed pond a short distance 
south of Reichs Ford Road (fig. 13). Before land­
filling began, a 24-inch-diameter concrete under­
drain was laid to carry the overflow from the pond 
beneath the landfill. A layer of graded soil and 
earth material was placed on top of the under­
drain. By July 1970 the fill had been extended to 
the end of the underdrain, and plans had been 
made by Frederick County to extend the under­
drain an additional 600 feet. Beginning in May 
1970 a series of analyses were made to measure 
total hardness, chloride, dissolved oxygen, specific 
conductance, temperature, pH, and total and fecal 
coliforms. Analyses were made of water collected 
from a point along the west branch of Boyer Run 
below the landfill outfall and, for control purposes, 
from the small spring-fed pond above the landfill. 

I channe.l ·Y is defined as containing thin and flat frag­
ments of hmestone, sandstone, or schist having a diameter 
of less than 3 inches and lengths up to 6 inches (U .S. Dept. 
of Agriculture, 1951, p. 214). 
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The results of these analyses are in tables 2 and 
2A (Appendix). Table 14, which follows, sum­
marizes the chemical data obtained: 

Table 14. Comparative mean values of selected constituents 
and properties of water from the west branch of 
Boye~ Run below the Reichs Ford Road sanitary 
landfill and from the spring·fed pond above the 
landfill ~ 

West branch of Boyer RWl Spring-fed pond 

Constituent below landfill above landfill 

or 
property Mean Number of Mean Number of 

value measurements value measuremen ts 

Total hardness as 
C.C03 224 7 68 6 

(mg / I) 

Chloride (Cl) 
30 6 9 . 4 5 

(mg/ l ) 

Dissolved 
oxygen (Oz) 3 . 9 7 9 . 2 6 

(mg/ l) 

Specific 
conductance 457 7 157 6 
(micromhos @ 
25°C) 

! / Analyses by U.S . Geo logica l Survey. 

Mean total hardness (table 14) is more than 
three times greater in the samples from Boyer Run 
below the landfill than in those from the spring-fed 
pond above it. Chloride content is also greater in 
the same proportion. Neither group of samples is 
high in chloride; the taste threshold of chloride is 
said to be about 250 mg/ 1. As might be expected, 
the dissolved-oxygen content of water below the 
landfill is significantly reduced, averaging about 
3.9 mg/ l compared with 9.2 mg/ l from the pond. 
Specific conductance of samples from below the 
landfill is nearly three times as great as in samples 
from the control pond. 

Counts of coliform bacteria (table 2, Appendix), 
based on six samples from the stream sampling 
point below the landfill, ranged from 200 to 4,400 
per 100 m!. The coliform count of five samples 
from the pond above the landfill (table 2A, Ap­
pend ix) ranged from 150 to 6,600 per 100 m!. This 
suggests that total coliforms may decrease be­
tween the upper and lower sampling points, but 
the data are inconclusive in this regard. Counts 
of fecal coli forms below the landfill, based on six 
samples, ranged from 5 per 100 ml to 230 per 100 
m!. Fecal coliforms from the control pond above 
the landfill ranged from 30 to 900 per 100 m!. The 



bacteriologic data, of itself, is inconclusive but 
does not indicate any significant increase in coli­
form bacteria below the landfill. 

Five discharge measurements made below the 
landfill between early June and November 1970 
ranged from 12 to 29 and averaged about 16 gpm. 
Thus, during this period, an average of about 
23,000 gallons per day flowed down the west 
branch of Boyer Run to join water from the east 
branch and thence flow into Bush Creek, a 
tributary of the Monocacy River. Water from 
Boyer Run is significantly diluted after joining 
Bush Creek, a much larger stream. 

It is emphasized that the entire monitoring pro­
gram, both bacteriologic and chemical, is some­
what qualitative and does not show whether the 
leachate from the landfill may contain toxic or 
hazardous substances in a sufficient concentration 
to be a cause for concern. It would appear desir­
able to analyze the effluent water below the landfill 
for the presence of hazardous inorganic and 
organic substances. 

Terrane IV-Dissected Upland Areas of 
Coastal Plain Deposits 

Terrane IV, dissected to flat upland areas under­
lain by Coastal Plain sedimentary deposits, is well 
drained, except for the valley bottoms of the major 
streams, which commonly are swampy, filled with 
alluvium, and have a water table only a few feet 
below the land surface. Near the hilltops, depths 
to the water table may be several tens of feet, 
especially in areas of permeable sandy subsoil. 

Terrane IV includes most of the area of South­
ern Maryland, most of the northern five counties 
of the Eastern Shore, and the interior areas of the 
remaining Eastern Shore counties (fig. 8). 
Throughout much of the area the relief commonly 
is in the range of 50 to 100 feet or less. However, 
in places, for example, near Piscataway Creek im­
mediately south of Washington, D. C., the local 
relief is slightly more than 200 feet. (See Piscata­
way 71/~-minute U.S. Geol. Survey quadrangle 
map.) 

The Coastal Plain deposits, consisting of strati­
fied sand, gravel, silt, and clay and various mix­
tures thereof, contain several aquifers commonly 
separated from one another by intervening rela­
tively impervious layers. The impervious layers, 
which may range in thickness from a few tens of 
feet to a few hundred feet, function to protect the 
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deeper underlying aquifers from pollution by sur­
face sources. A common situation in a Coastal 
Plain locality is shown in figure 14, where ground 
water in the deeper sand occurs under artesian, or 
confined conditions, because of the presence of a 
thick overlying clay. In contrast, ground water in 
the shallow upper sand occurs under water-table 
conditions. This aquifer may be readily polluted 
by downward moving water in the unsaturated 
zone. Thus, septic-tank effluent, sanitary-landfill 
leachate, or other wastes may pollute the shallow 
aquifer. As depicted in figure 14, the movement of 
the shallow ground water is toward the nearby 
estuary. Well B (fig. 14) could be polluted by 
leachate from the sanitary landfill only if its cone 
of depression intersected the area beneath the 
landfill. On the other hand, water from well A 
very likely would remain unpolluted because the 
intervening clay would be an effective barrier to 
the movement of ground water into the lower 
sand. In actuality, the clay stratum depicted in the 
figure might be a sandy silt or a sandy clay, func­
tioning only as a partial barrier to the vertical 
movement of ground water. Nevertheless, as pre­
viously stated, such material might effectively 
filter many harmful biological substances. The 
problem is extremely complex and the discussion 
given here is somewhat simplified. 

Mullins Sanitar'Y Landfill near Aberdeen (Ha1'­
fO Td County): Landfill operations were begun dur­
ing December 1969 on a 102-acre tract of land, 
known as the Mullins property. This land is about 
0.5 mile east of Aberdeen, Md., and south of both 
U.S. Route 40 and the Penn Central Railroad 
tracks. The landfill is owned by Harford County 
and serves the Aberdeen and Havre de Grace 
areas. It has been reported that the rate of filling 
is about 100 to 130 tons per day (W. Barstow, 
Maryland Dept. of Health, oral commun., 1970). 

Although this landfill does not ideally fit the 
designation of Terrane IV, it is well drained, 
slightly dissected, and is underlain by a few tens 
of feet of Coastal Plain deposits. It is the site of a 
former sand and gravel pit and lies in the Coastal 
Plain province immediately south of the Fall Zone. 
The generalized geology of the site is shown in 
figure 15. Most of the fill is being made in for­
merly excavated land at altitudes from less than 
10 to about 30 feet. The major stream draining 
the site is Swan Creek, which apparently changes 
from tidal to nontidal water along a curving reach 
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Figure 14. Schematic section in Coastal Plain terrane showing a sanitary landfill overlying both a shallow and 
a deep aqu i fer. 

just west of the landfill (fig. 15). Before the 
acquisition of the Mullins property by Harford 
County for use as a landfill, 18 auger borings were 
made by a private contractor to show the nature of 
the underlying material, which consists chiefly of 
brown sand and gravel, brown and gray silty clay, 
and clayey sand. The maximum depth augered 
was about 20 feet . At one hole refusal was en­
countered at a depth of 3 feet, which may have been 
the result of the auger bit striking a large boulder, 
or possibly a ledge of crystalline rock. The Soil 
Conservation Service (U.S . Dept. of Agriculture, 
1969) reports that the following soil types having 
slight limitations for a sanitary landfill are pres­
ent: Elsinboro slit loam, Elsinboro gravelly sandy 
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loam, and Matapeake silt loam. The following 
soils at the site have severe limitations for sani­
tary-landfill purposes: Comus loam, Keyport silt 
loam, Elkton silt loam, and Tidal marsh soil. 

No visible evidence of leachate was observed at 
the Mullins landfill when it was first examined 
during March 1970. By August of that year the 
first and easternmost cell was completed and filling 
had been started on the adjacent cell. Examina­
tion of the toe of the completed cell showed the 
characteristic black leachate flowing into a 4- to 
5-foot deep water-filled trench about 35 feet long 
and 10 feet wide. No overflow was visible from the 
trench at the time, but the water in it was visibly 
degraded by leachate. No chemical analyses were 
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made of the water in this trench. 
Based on the possibility that leachate might be 

moving through the underlying earth materials 
and entering Swan Creek, two chemical-quality 
monitoring stations were established in March 
1970 to sample the creek water. The first of these 
(Station 1, fig. 15) is downgradient from the 
nearest landfilI celI at a place where it was believed 
likely that percolating leachate might be detected. 
Station 2, selected for control purposes, is on 
Swan Creek, where it is crossed by Maryland 
Route 22 (fig. 15). This site is 0.2 mile upstream 
from the nearest active fill area. 

Starting on March 19, 1970, a series of analyses 
were made to measure total hardness, chloride, 
dissolved oxygen, specific conductance, pH, tem­
perature, and total and fecal coli forms in the 
water from Swan Creek at Stations 1 and 2. These 
results are given in tables 3 and 3A (Appendix) 
and are summarized in table 15. 

Table 15. Comparative mean values of selected constituents 
and properties of water from two monitoring 
stations on Swan Creek near the Mullins sanitary 
landfill.~ 

Constituent Swan Creek op}Xlsite Swan Creek at 
landfill Md. Route 22 

or (Station 1) (Station 2) 

Mean Number of Mean Number of 
property 

value measurements value measurements 

Total hardness 
as CaC03 50 7 49 6 

(mg/l) 

Chloride (Cl) 
15 4 16 4 

(mg/l) 

Dissolved oxygen 
(O:!) 9.4 6 9 .7 6 
(mg/l) 

Specific 
concructance 150 7 154 7 

(micromhos at 
25°C) 

!I Analyses by the U. S. Geological Survey. 

Of particular interest in this series of measure­
ments were the anomalously high pH values (8.4 
and 8.9) measured on March 19 and April 28, 
1970. Subsequent investigation of the source of 
the alkaline stream water by the Maryland De­
partment of Water Resources revealed that alka­
line solid wastes were being leached at an up­
stream site within the small drainage basin. A 
warning to the offending firm was issued by the 
State agency, and the alkalinity of the stream 
water was significantly reduced. 
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The data in table 15 show no significant differ­
ence between the samples from the two sites in the 
mean total hardness, chloride, or dissolved-oxygen 
content, and specific conductance. 

Total coliforms in the water from Swan Creek 
(Appendix, table 3 and 3A) in seven samples near 
the landfill ranged from 800 to 8,200 per 100 ml. 
These may be compared with a range of 2,600 to 
7,800 per 100 ml in six samples from the control 
station above the landfill. Fecal coliforms in seven 
samples opposite the landfill ranged from 40 to 
3,200 per 100 ml compared to a range of 84 to 
3,400 per 100 ml in six samples from the control 
station. Thus, neither the chemical nor the bac­
teriologic data show that leachate from the Mul­
lins landfill is causing measurable degradation of 
the waters of Swan Creek, at least in the reach 
between the monitoring stations. However, be­
cause of the magnitude of possible dilution, it is 
likely that leachate could mix with the waters of 
the creek and not be detected on the basis of the 
measurements made. For example, the flow of 
Swan Creek was about 1.8 cfs (cubic feet per 
second) on September 22, 1970, and was about 
16.0 cfs on July 8, 1970. The mean of four meas­
urements is about 7 cfs; a flow of 7 cfs is equiva­
lent to about 4.5 million gallons per day. Thus, if 
the landfill were contributing as much as 10,000 
gallons per day of leachate-polluted ground water 
to the stream, and thorough mixing occurred be­
fore sampling, the leachate-polluted ground water 
would be diluted by a factor of more than 450 
to 1 at streamflow rates of 7 cfs in the reach 
near the landfill. 

Terrane V-Flat, Intertidal, Low-lying Areas 
of Coastal Plain Deposits 

Terrane V, consisting of flat, intertidal, low­
lying areas underlain by Coastal Plain sedimentary 
deposits, includes large areas of the Eastern Shore 
counties of Dorchester, Somerset, Worcester, 
and smaller areas of other tidewater counties (fig. 
8). In localities typical of this terrane the altitude 
is not more than 10 feet above mean sea level, and 
in many localities it is less than 10 feet. Typical ex­
amples of this terrane are shown on the Crisfield, 
Md., and Assawoman Bay, Md.-Del. 7 1/2-minute U.S. 
Geological Survey quadrangle maps. 

Crisfield is a small seaport in the southeastern 



part of the State about 4 miles north of the Vir­
ginia boundary. The maximum land-surface alti­
tude in the entire Crisfield quadrangle is only 7 
feet above mean sea level. The outstanding phys­
iographic features of this area are the many 
swamps, small islands, and generally poor drain­
age. Although not shown on the topographic map, 
the shallow water table nearly everywhere lies 
only a few feet below the land surface. The Assa­
woman Bay ·quadrangle presents a similar appear­
ance except that it includes pari. of Ocean City, 
built on a barrier beach along the ocean. Much of 
the land in the quadrangle is swampy, although 
drainage has been improved by the construction of 
numerous tidal canals. The highest point in the 
Maryland part of the quadrangle is a hilltop on St. 
Martins Neck, only 16 feet above sea level. Inter­
estingly enough, this locality is the site of an old 
cemetery, indicating that the residents used the 
land in this manner in one of the few places where 
the water table was at sufficient depth to permit 
below-ground burial. 

Because the water table lies nearly everywhere 
close to the land surface, few, if any, dry pits or 
excavations exist in Terrane V for use as sanitary 
landfills. However, swampy land is abundant and 
in places, appears to offer an economical and 
handy disposal site, providing hydrologic and 
ecologic factors could be ignored. Under such 
conditions, swampland has been "reclaimed" by 
using it for sanitary-landfill purposes, and has 
been made available for numerous other uses by 
man when the filling was completed. This has been 
a common practice in many cities in the United 
States. It is reported that large areas in and 
around New York City, New Orleans, Seattle, 
Baltimore, Richmond, and many other cities have 
been "reclaimed" by sanitary landfilling (Ameri­
can Public Works Assoc., 1966, p. 111 and 112). 
An extensive area, known as the "Patapsco flats," 
in the southwestern area of Baltimore is currently 

(1970) being filled with incinerator residue and 
nonputrescible refuse. Although biologists have 
indicated that the filling or "reclaiming" of 
swamps may destroy the breeding grounds for 
birds and the habitat of small fish and other wild­
life, discussion of this subject is beyond the scope 
of this report. The term reclaiming is, however, in 
common use among engineers, land developers, 
and others. 

It is obvious that filling of swamps places the 
refuse in direct contact with water and must result 
in the generation of leachate. With regard to de­
gradation of ground-water supplies by leachate 
from refuse-filled swamps, it would seem that, 
while such degradation is likely under most cir­
cumstances, it has not been reported because: 1) 
few wells are drilled in the immediate vicinity of 
sanitary landfills; 2) swamps are commonly dis­
charge areas of ground water, and the movement 
of water is from the underlying aquifers into the 
swamps; 3) tidewater swamps may be underlain 
by shallow aquifers containing brackish water, 
which is not normally used as a source of water 
supply; and 4) if a ground-water supply in a 
coastal area is needed (near a landfill site), the 
supply probably would be obtained from a deep­
lying artesian aquifer normally protected from 
surficial pollution by one or more confining layers 
overlying the aquifer. These layers are relatively 
impervious and would retard or prevent direct 
vertical movement of a pollutant. 

It is possible that pollutants derived from land­
fills in swamps in Terrane V may be present in the 
nearby waters in sufficient concentration to be 
readily detected. The rise and fall of the water 
surface due to tidal action, as well as tidal cur­
rents, tend to disperse these pollutants in sur­
rounding waters. No water-quality analyses were 
made at or near sanitary landfills in Terrane V. 
However, it would appear this is an area toward 
which additional research effort should be 
directed. 

SUGGESTED CRITERIA FOR THE PROTECTION OF WATER RESOURCES 
FROM THE DELETERIOUS EFFECTS OF LANDFILL LEACHATE 

Review of the available literature and analysis 
and study of the information given in this report 
indicate that there are means by which the water 
resources of a locality may be protected, at least to 
a degree, from degradation by landfill leachate. 
The first of these involves the classification and 
segregation of waste materials, possibly in the 
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manner suggested by the California Department 
of Water Resources (1969, p. 73). The agency 
proposes the following classification: 

Group 1. General industrial wastes with sig­
nificant water-pollution potential (in­
cludes liquid and (or) soluble indus­
trial wastes and toxic industrial 



ashes) 
Group 2. Household and commercial refuse and 

rubbish (includes cans, metals, paper 
products, plastics, shrubbery, lawn 
cuttings, wood, hair, hide, bones, 
small dead animals, garbage, etc.) 

Group 3. Solid inert wastes (includes earth, 
rock, bricks, concrete slabs, glass, 
plaster, slag, asphalt paving frag­
ments, etc.) 

Each proposed landfill site is then classified on 
the basis of the local geology, hydrology, and 
topography into three major classes, or categories. 
These are: 

Class 1. Waste-disposal sites designated as 
Class I provide the maximum degree of pro­
tection for ground water (surface water not 
mentioned). The following criteria are used: 
1) The proposed site is entirely underlain by 
non-waterbearing earth materials. If under­
lying rock is highly fractured, grouting of 
fractures would be required before a site 
could be designated asClass I; 2) fill area is not 
in hydraulic continuity with an underlying 
ground-water body; 3) topography and 
nature of the earth materials in vicinity must 
be such that they will permit construction of 
diversion ditches or drains to divert all runoff 
from the landfill. Class I sites may receive 
waste from Groups 1, 2, and 3. 

Class II. Some degradation of ground water may 
be expected at sites in this category. These 
sites may be ravines, sand or gravel pits, or 
open areas. Generally they are underlain by 
rocks having low transmissivity. Where the 
site is underlain by a confined aquifer, the con­
fining layer should have sufficient thickness to 
mitigate a direct hydraulic connection be­
tween the fill material and the aquifer. The 
existence of active or inactive wells near the 
site is a factor to be considered in classifica­
tion of a particular site. Again, no runoff 
should be permitted to enter the site and the 
local topography and earth materials must be 
such that diversion ditches can be constructed. 
However, if leachate that discharges to a sur­
face-watercourse is generated, it should be 
collected and discharged to a sewer, storm 
drain, or -stream channel in such a manner 
that receiving waters are not adversely af­
fected. Group 2 and 3 wastes are permitted at 
Class II sites. 
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Class III. Sanitary landfill sites that afford 
little or no protection to water resources are 
designated as Class IlL Class III sites have no 
geologic or hydrologic requirements. The only 
topographic requirement is that if the site is 
on the edge of a stream, the stream channel 
should have adequate channel capacity to 
prevent erosion and removal of the landfill 
materials. Class III sites are designated to 
receive only Group III wa.stes. 

Proposed landfill sites may be modified to pro­
vide some protection against degradation of the 
ground and surface waters. Where the earth 
material underlying the landfill is highly per­
meable sand, gravel, or fractured rock, a clay or 
asphalt lining material may be used to create an 
artificial barrier to the vertical and lateral move­
ment of leachate (California Dept. of Water Re­
sources, 1969, p. 75). The landfill cells may then be 
designed to collect the leachate at a designated 
outflow point, where it may be treated or hauled 
away for disposal. Sheet-plastic barriers under­
lying and overlying the fill have been proposed 
and have been tested in California. However, 
plastic sheets are subject to puncturing by sharp 
objects in the fill and by the action of the bulldozer 
working back and forth across the fill as it com­
pacts and covers the refuse. 

Diversion ditches or drains placed along the 
upper part of the sloping walls of a ravine or 
depression used as the site of a landfill are recom­
mended to divert runoff from entering the landfill. 

Sanitary landfills should not be located in the 
vicinity of wells or proposed wells where these will 
tap a shallow aquifer subject to direct surface re­
charge; or, conversely, wells should not be located 
in the vicinity of a sanitary landfill that directly 
overlies a shallow aquifer. Sanitary landfills lo­
cated in valleys adjacent to rivers or estuaries may 
result in minimal ground-water degradation, as 
such sites are the loci for ground-water discharge. 
However, landfills near streams must inevitably 
contribute leachate to the waters of the stream. 
Of course, the degree of hazard then becomes a 
matter of the nature and quantities of the leachate 
generated, the dilution to which it is subject, and 
the downstream uses to which the stream water 
may be put. 

With regard to the lithology of earth materials 
underlying a proposed landfill site, unfractured 
shale and clay of sufficient thickness should afford 
the maximum protection to an underlying ground­
water reservoir. As coal strip mines are commonly 
underlain by clay and shale and as these mines are 



frequently well above the local drainage base level, 
they probably are one of the safest environments 
in which to dispose of solid wastes, insofar as the 
potential for degradation of ground water is 
concerned. 

Channeled and creviced limestone probably 
offers the least protection to the ground-water 
reservoir, especially where the residuum is thin or 
lacking. Fractured crystalline rocks also offer 
little protection to the ground-water reservoir 
where the saprolite (or weathered }one) is thin or 
lacking. However, a thick band of saprolite or 
residuum, extensively distributed over the under­
lying rock, probably affords a moderately high de­
gree of protection to the ground-water reservoirs 
because of its low permeability. Furthermore, 
residuum and other fine-grained materials may 
effectively filter out both bacteria and colloidal­
size pollutants present in the percolating leachate. 

Leachate generated from landfills located on 
permeable sand and gravel in the Coastal Plain 
may be expected to percolate downward and mix 
with the underlying ground water, subject to dilu-

tion and attentuation with increased distance from 
the fill. However, where clayey strata directly 
underlie the fill, leachate probably will move later­
ally to the nearest point of surface discharge to 
mix with the surface waters. Coastal Plain aqui­
fers are, in many places, protected from surficial 
pollution, regardless of its source, by the presence 
of extensive confining layers lying between deep 
aquifers and the source of contamination at or 
near the land surface. Leaky or corroded well 
casings, however, offer a possible means of vertical 
pollution of a deep aquifer, where otherwise favor­
able geologic conditions exist for its protection. 

The previous discussion emphasizes the point 
that geologic and hydrologic conditions are seldom 
simple and that a wide variety of environmental 
conditions may be found at localities only short 
distances from one another. The evaluation of the 
geologic and hydrologic conditions at any proposed 
landfill site is a task for the experienced profes­
sional, and such a person must draw heavily upon 
his experience and judgment to draw valid con­
clusions and to make sound recommendations to 
protect the water resources. 

SUMMARY AND CONCLUSIONS 

Nearly 1,500 million tons of solid wastes of all 
kinds are generated each year in the United States. 
About 17 percent of the wastes is classed as urban, 
7 percent as industrial, and 76 percent as mineral. 
This report is concerned mainly with the relation 
of urban-waste disposal practices and the geo­
hydrologic environment. 

The quantity of solid urban wastes generated in 
Maryland has increased significantly during the 
past 50 years. It is estimated that by 1980 these 
wastes will amount to 5.5 pounds per capita per 
day, or a total of about 4.5 million tons per year. 

Solid urban wastes are disposed of by open 
dumping, sanitary landfilling, incineration, com­
posting, and disposal at sea. The practice of sani­
tary landfilling is recommended by many health 
officials and sanitary engineers, as it is relatively 
inexpensive, and when properly done, largely 
eliminates the objectionable hazardous and un­
esthetic features of the open dump. 

The solid-waste disposal practices of open dump­
ing and sanitary landfilling will, at least locally, 
influence the land-water environment in a humid 
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region. Elements of the hydrologic environment 
are governed by the hydrologic cycle. Studies of 
the cycle in four river basins in Maryland show 
that precipitation averages about 43 inches per 
year, evapotranspiration averages about 27 inches, 
and runoff about 16 inches. The ground-water 
portion of runoff (or effective recharge) averages 
about 10 inches per year. Ground-water recharge 
is significant with regard to solid-waste disposal, 
as it indicates the possible mean rates of water 
accretion to sanitary landfills and refuse dumps 
and the potential for leachate generation. 

Hilltops and upland localities are, in general, 
sites where ground-water recharge predominates 
over ground-water discharge. Stream valleys and 
other depressions are localities where ground­
water discharge predominates over recharge, ex­
cept where the natural situation might be altered 
by pumping from wells. Infiltration capacities of 
soils and other earth materials vary widely, and 
the infiltration capacity of a soil is markedly af­
fected by the type and density of the vegetal cover. 
High runoff rates and low infiltration rates are 



typical of clay or shale, especially where plant 
cover is thin or lacking. Sandy soils in level or 
undulating topography generally have the highest 
infiltration and recharge rates. 

Analyses of leachate from experimental simu­
lated landfills in West Virginia showed a range in 
total hardness from 7,600 to 13,100 mg/ 1. Chlo­
ride ranged from 951 to 2,310 mg/ l, organic 
nitrogen from 473 to 1,106 mg/ l, and total iron 
from 175 to 860 mg/ 1. The pH of the leachate 
ranged from 5.8 to 6.3. These data have only ap­
proximate transfer value in relating them to 
sanitary landfills in the field. 

Published rates of movement of leachate-de­
graded and otherwise polluted ground water in 
California, Colorado, Indiana, Michigan, and 
South Dakota ranged from 1 to 13 feet per day. 
Total reported travel distances through the ground 
for the polluting substances ranged from 600 feet 
to 4 miles. The earth materials through which the 
pollutants moved were glacial outwash and river 
alluvium. 

With regard to considerations of solid-waste 
disposal, five major terrane classes are recognized 
in Maryland. These terranes are characterized by 
somewhat distinctive geologic and hydrologic con­
ditions, which affect their hydrologic suitability as 
solid-waste disposal sites. The terrane designa­
tions are: Terrane I, dissected shale, siltstone, and 
sandstone in the Appalachian province; Terrane 
II, limestone and marble valleys in the eastern 
part of the Appalachian province and in the Pied­
mont; Terrane III, crystalline silicate rocks of the 
Piedmont; Terrane IV, upland areas underlain by 
Coastal Plain deposits; and Terrane V, fiat, inter­
tidal, low-lying areas underlain by Coastal Plain 
deposits. 

The Frostburg and Westernport demonstration 
landfills in the coal-bearing strata of western 
Maryland indicate the feasibility of these sites for 
sanitary landfills. Chemical and bacteriologic 
analyses have been made of waters from a well, 
a spring, and an intermittent pond near the Frost­
burg landfill. Evidence of water pollution has been 
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found only in the intermittent pond lying within 
the active landfill area. 

A sanitary landfill was started in 1969 on a 
tract of land about 3 miles east of Frederick, Md., 
at a site underlain by crystalline rocks. In 1970 
key chemical constituents in the water were ana­
lyzed monthly from the underdrain below the 
landfill. For control purposes, similar constituents 
were analyzed in water from a small spring-fed 
pond above the landfill. These analyses show a 
significant increase in chloride, total hardness, 
and specific conductance for the water from the 
underdrain when compared with water from the 
spring-fed pond. 

A 55-acre sanitary landfill near Texas in Balti­
more County occupies the site of a former sand pit. 
A monitoring program was set up to analyze peri­
odically key chemical constituents in water issuing 
from the landfill. The chemical analyses show a 
significant increase in chloride, total hardness, and 
specific conductance between the control stream 
and the landfill effluent. 

Landfill operations were begun in late 1969 on 
the 102-acre Mullins Landfill on Swan Creek near 
Aberdeen. As no water was observed issuing di­
rectly from this landfill, a series of chemical ana­
lyses of key constituents were made at a point on 
Swan Creek opposite the fill and at a control point 
a short distance upstream. These chemical data 
show no significant differences between the two 
sampling points. The admittedly limited data do 
not indicate that ground water of degraded quality 
is entering the stream from the landfill in sufficient 
concentrations to be detected. 

It would appear desirable to establish an ade­
quate chemical-quality and bacteriologic monitor­
ing program at the three sites described in this 
report for a period of time to encompass at least 
the completion of the filling at each site. After 
each site is completed and abandoned or used for 
other purposes, there should occur a gradual die­
out of the leachate constituents derived from 
organic decomposition of the fill materials. How­
ever, the inorganic constituents probably will con­
tinue to be leached for many years. 
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Table 1. Chemical, physical, and bacteriologic, analyses of water from the drainage ditch at the Texas, Md. ssnitary landfill 

lle.te of ~leasured 

coll ection discharge 

(gpm) 

Total hardness 
as CaC0

3 

(mg/l ) 

Dec. 3, 1969 -- --

Dec. 18, 1969 -- --
Jan. 14 , 1970 -- --

Feb. 11, 1970 -- 700 

Mar. 19, 1970 -- 390 

Apr. 28, 1970 35 11 1,200 

May 26, 1970 26 Y 860 

June 17, 1970 36 11 920 

July 8, 1970 Y 13.5 855 

Aug. 10, 1970 i 23 975 

Sept. 22, 1970 11.5 1,045 

Nov. 10, 1970 13.5 980 

--

11 Flow measured using a pygmy meter. 

S! V-notch weir installed on this date . 

21 Flow measured 1 day after heavy rain. 

Y Total organic carbon 140 mg/l in this sampl e. 

-

(Analyses by the U.S. Geological Survey) 

Chemical and physical character Bacteriologic character 

Chloride Dissolved Specific pH Tempera-

I 
Coliforms Fecal coli forms 

(C!) oxygen conductance ture 
(0

2
) 

(mg/!) I (mg/!) (micromhos @ (colonies per (colonies per I 
I 25°C) (CO) 100 ml) 100m!) , 

-- 9.3 950 7.3 4.5 1,100 140 

-- 7.1 980 7.4 1.0 2,600 160 

-- 5.2 1,300 7.0 1.0 33,000 6,000 

-- 6.9 1,400 7.1 4.0 

I 
19,000 5,400 

I -- 6.3 1,700 7.4 8.0 320 25 

-- 5.9 1,700 7.2 12 1,400 100 

-- 3.8 1,600 7.1 17 10,000 3,500 

157 3.5 1,600 7.1 16 4,600 2,300 

173 4.5 1 ,150 7.0 17 6,200 1,900 

192 4.3 1,450 7.6 16.5 86,000 1,200 

185 3.3 1,850 7.5 17 4, 100 960 

198 4.1 1, 880 7.6 12.5 7,400 800 

-- ------ - - -

Remarks 

Water clear. 

Clear. 

Color resembles sewage; 
turned pale gray in bottle 

Color slightly gray; faint 
septic odor. 

Faint septic odor. 

Water pale gray; faint odor 

Water light brown; faint 
sewage odor. 

Water light gray; faint odo r; 
sludge worms. 

Water clear; fresh sand in 
ditch. 

I'la ter clear; gray sediment 
on bottom; faint odor. 

Color very pale gray with 
faint odor. 

Strong septic odor; oily 
film on stream; sludge 
worms; pale grayish color. 
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Table lAo Chemical, physical, and bacteriologic analyses of water from Parks Run, the control stream near the sanitary landfill at Texas, Md. 

(Analyses by the U.S, Geological Survey) 

Date of 
collection Chemical and physical character Bacteriologic character Remarks 

Total hardness Chloride Dissolved Specific pH Tempera- Coli forms Fecal coliforms 
as CaC0

3 
(Cl) oxygen conductance ture 

(0
2

) 

(mg/U (mg/l) (mg/l) (micromhos @ (colonies per (colonies per 
25°C) (CO) 100 ml) 100 ml) 

Dec. 3, 1969 -- -- 11.4 670 -- 5.5 -- --
Apr. 28, 1970 420 -- 10.2 620 7.7 12 1,600 79 Water clear. 

May 26, 1970 285 -- 7.7 640 7.5 16.5 9,000 380 Flow estimated 1-2 cfs. 

June 17, 1970 300 47 8.8 540 7.5 17 3,600 1,500 Wate r slightly murky after rain. 

VI ,JULY 0, L':IlU 1.0 :>OU '/."- 1.'/. :> 1.,UUU 500 I Water clear; gray-tan a l gae in stream bed. 
VI 

July 8, 1970 -- -- 7.8 560 7.2 17.5 1,000 500 Water clear; gray-tan algae in stream b, 

Aug. 10, 1970 11 295 55 8.0 580 7.8 17.5 39,000 380 Water clear; gray algae as above. 

Sept. 22, 1970 240 40 8.0 500 7.9 18 5,000 2,100 Water clear; light brown filamentous 
algae in stream bed; sludge worms. 

Nov. 10, 1970 315 55 9.0 610 7.8 12 2,800 94 Filamentous tan algae in stream bed 
as above. 

11 Total organic carbon 6 mg/l in this sample. 
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TaHe 2. Chemical, physical, and bacteriologic analyses of water from the west branch of Boyer Run below the Reichs Ford Road sanitary landfill 

(Analyses by the U.S. Geological Survey) 

~te of Measured 
collection discharge Chemical and physical character 

(gpm) 
Total hardness Chloride 

as CaC0
3 

(Cl) 

(mg/l) (mg/l) 

May 12, 1970 -- 310 30 

June 4, 1970 14 !I 200 --
July 15, 1970 29 230 30 

July 29, 1970 1221 165 25 

Aug. 17, 1970 -- Y 240 30 

Sept. 30, 1970 12 190 17.5 

Nov. 10, 1970 13.5 235 50 

I 

!I Weir installed on May 27, 1970; discharge measured 21 gpm. 

?! Bacteriologic sample collected on May 19, 1970. 

21 Weir moved approximately 210 feet downstream prior to measurement. 

Y Weir clogged with debris - unable to make measurement. 

Dissolved Specific 
oxygen conductance 

(0
2

) 

(mg/ll (micromhos @ 
25°C) 

4.1 440 

4.0 430 

5.5 360 

1.4 450 

2.5 580 

3.3 420 

6.3 520 

pH 

7.0 

6.9 

6.9 

7.5 

7.2 

7.2 

7 . 3 

Bacteriologic character Remark!! 

Tempera- Coli forms Fecal Coli forms 
ture 

(colonies per (colonies per 
(CO) 100 ml) 100 ml) 

21 1,000 ?! 230 ?! Faint odor; pale gray color. 

19 300 5 Do. 

19 -- -- Reddish algae in stream bed ' 
black leachate issuing 
from toe of landfill. 

26 1,500 27 Odor of sulfur; red sludge 
worms on bottom. 

23.5 200 140 Brownish-red precipitate 
on rocks. 

14.5 2,000 4 Odor of sulfur; oil slick 
on water surface. 

11 .5 4,400 29 Reddish sediment in ditch; 
slight septic odor. 
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Table 2A. Chemical, physical, and bacteriologic analyses of water from the spring-fed pond above the Reichs Ford Road sanitary landfill 

(Analyses by the U.S. Geological Survey) 

Date 
collection Chemical and physical character Bacteriologic character Remarks 

Total hardness Chloride Dissolved Specific pH Tempera- Coli f orms Fecal coliforlllB 
as CaC0

3 
(Cl) oxygen conductance ture 

(0
2

) 

(mg/l) (mg/l) (mg/l) (micromhos @ (colonies per (colonies per 
25°C) (CO) 100 ml) 100 ml) 

June 4, 1970 65 -- 6.2 170 6.9 22 1,000 30 

July 15, 1970 60 7.5 12.8 140 7.5 22 -- -- Water pale green. 

July 29, 1970 65 11 7.5 11 12.6 130 8.1 29 150 120 Water clear. 

Aug. 17, 1970 75 12 8.0 170 7.7 27 800 420 Water brown, turbid. 

Sept. 30, 1970 60 5 8.0 140 7.4 13.5 4,600 130 Water brown, turbid; no odor. 

Nov. 10, 1970 85 15 7.4 190 7.1 9.5 6,600 900 Water pale gray; slightly murky. 

-- - - --- --

11 Samples for chloride and hardness col~edted Aug. 4, 1970. 



'" CD 

Il3.te of 
collection 

Mar. 19, 1970 

Apr. 28, 1970 i 
I 

May 26, 1970 I 
June 17, 1970 

i 
July 8, 1970 V I 
Aug. 10, 1970 I 
Sept. 22, 1970 I 

I 

I 
I 
I 
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Table 3. Chemical, physical, and bacteriologic. analyses of water from Swan Creek near the Hullins sanitary landfill 

(Analyses by the U.S. Geological Survey) 

Heasured 
discharge Chemical and physical character Bacteriologic character 

(cfs) 
Total hardness Chloride Dissolved Specific pH Tempera- Coli forms Fecal coliforms 

as CaC0
3 

(Cl) oxygen conductance ture 
(0

2
) 

(mg/l) (mg/l) (mg/l) (micromhos @ (colonies per (colonies per 
25°C) (CO) 100 ml) 100 ml) 

-- 25 -- 13.2 230 8.4 4.0 3,200 120 

-- 80 -- -- 130 8.9 15 800 40 

6.6 45 -- 7.8 140 7.0 19 2,200 400 

16.0 45 15 8.2 140 6.7 19 8,200 3,200 

-- 55 15 9.0 140 7.1 22 4, 000 300 

4.7 45 12 9.4 llO 7.6 21 4,200 1,200 

1.81 55 20 8.6 160 7.5 21 1,300 68 

I 

I 
I I 

V Total organic carbon 2 mg/l in t his sample. 

Remarks 

Water clear. 

Do. 

Water murky brown due to 
heavy rain previous day. 

Ivater clear. 

Do. 

Water clear; weather clea r, 
hot, and dry. 
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Table 3A. Chemical, physical, and bacteriologic 

Date of Measured 

APPENDIX 

analyses of water from Swan Creek at Maryland Route 22 above the Mullins sanitary l andfill 

(Analyses by the U.S. Geological Survey) 
I 

collection discharge Chemical and physical character Bacteriologic character Remarks 

(cfs) 
Total hardness Chloride Dissolved Specific pH Tempera- Coliforms Fecal coli forms 

as CaC0
3 

(cl) oxygen 
(0

2
) 

conductance ture 

(mg/l) (mg/l) (mg/l) (micromhos @ (CO) (colonies per (colonies per 
25°C) 100 ml) 100 ml) 

Mar. 19, 1970 -- 25 -- 12.7 230 8.3 4.5 3,900 84 

Apr. 28, 1970 -- 80 -- -- 130 8.9 16 2,600 190 Water clear. 

May 26, 1970 -- 45 -- 8.0 140 7.3 19.5 3,800 620 Do. 

June 17, 1970 -- -- 17 8.7 160 6.9 20 7,800 3,400 Color murky brown due 
to rain. 

July 8, 1970 !I -- 55 15 9.3 140 7.6 22.5 -- -- Water clear. 

Aug. 10 , 1970 -- 45 15 9.9 100 8.2 23 7,800 2,500 Cl ear; no odor. 

Sept. 22, 1970 -- 45 17 9.4 182 8.0 22 3,600 150 Clear. 

!I Total organic carbon 2 mg/l in this sample. 










