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Abstract

Since 1985, the Pennsylvania Department of Environmental Protection (DEP) has collected groundwater quality data in an ambient groundwater monitoring program.  The monitoring has included 35 groundwater basins in southeastern Pennsylvania.  In 17 of those basins, DEP has monitored groundwater quality on a semi-annual basis.  Some of the basins have been monitored since 1985.  Analytes have included 27 different substances or parameters including nutrients, basic chemistry, and metals.  Monitoring points are typically homeowner wells or springs.

Trend analysis was performed on water quality data for 21 analytes from 419 monitoring points in southeastern Pennsylvania.  The Kendall Tau nonparametric test was used to analyze for trends at the 0.05 significance level.  The trend analyses suggest that groundwater quality is undergoing some change.  Although natural shifts probably can account for some of the variation, it is most likely that human activities are affecting the groundwater quality on a regional scale.  Nine analytes were determined to have either upward or downward trends at over 20 percent of the monitoring points.  These included alkalinity, TDS, nitrate, calcium, magnesium, sodium, potassium, chloride and sulfate.  Sodium and chloride had upward trends at over 30 percent of the monitoring points. 

Exact causes of the groundwater quality trends are difficult to specify.  Different areas of southeastern Pennsylvania are obviously under different combinations of stresses.  In some cases, only general inferences can be made from the data.  Nevertheless, notable downward trends in nitrate and sulfate at many monitoring points may be the result of reduction in sources of those substances.  Potential causes include diminished agricultural areas (manure and fertilizer application), improvements in sewage treatment and a decrease in atmospheric deposition.  Phosphorus was determined to be decreasing in nearly 14 percent of the monitoring points, and may be related to reduction in the use of phosphate detergents.  Increases in TDS, chloride, calcium, potassium, total hardness and sodium at many monitoring points may be the result of increased nonpoint source pollution such as road salting and runoff from sprawling paved developments and suburbs.

Introduction

The purpose of the report is to summarize trends in groundwater quality for selected groundwater basins in southeastern Pennsylvania.  Various factors of regional groundwater quality are reviewed as geographic and temporal trends in groundwater quality are assessed.  Trends are assessed based on land use, rock type and geography.  These trend analyses update and supplement a previous report on groundwater monitoring data (Reese, 1998).  The study focuses on groundwater basins in southeast Pennsylvania (Figure 1).

Figure 1.  Location of study area in Pennsylvania.
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Groundwater Monitoring Efforts in Pennsylvania

Monitoring of groundwater quality in Pennsylvania is usually done near a permitted facility to determine the impacts of the facility on groundwater.  Monitoring is nearly always limited to the immediate area of a permitted facility or a site of environmental concern.  DEP’s Bureau of Water Supply Management conducts the Fixed Station Network (FSN) and Ambient Survey groundwater monitoring program of selected groundwater basins (out of 478 delineated for Pennsylvania) using mainly homeowner wells or springs.  

The monitoring program was designed to measure regional or background groundwater quality at locations that are unaffected or minimally affected by obvious, specific point sources of contamination in the immediate vicinity.  Such sources can include spills, underground storage tanks, surface impoundments and landfills.  The prioritization process resulted in high priority basins being located in the more populated southern half of the state.  The Southeast Region of DEP (Conshohocken) has maintained its network of fixed stations.  Thus, this area serves as an excellent location for studying groundwater quality trends.  U.S. Environmental Protection Agency (EPA) groundwater grants support the monitoring program.  Data have been entered into EPA’s STORET (STOrage and RETrieval) database.  Presently, only two of the six DEP regions are actively monitoring groundwater basins.  Only the Southeast Region of DEP has maintained its FSN program.  Four basins in Lancaster County (the westernmost basins in Figure 1) are included in this report.  These basins were monitored from 1985 to 1997 by the Southcentral Region of DEP.

Monitoring Points

Before sampling, DEP hydrogeologists delineate a groundwater basin into wedges of groundwater flow using topographic maps.  Monitoring points for each wedge are chosen to be representative of the geology and land use of each wedge. The hydrogeologist also considers other factors such as well construction, well depth and groundwater flow directions.  Monitoring points with obvious point sources of contamination are avoided (DEP, 1997).  Typically, 15 – 30 monitoring points are selected for each basin.

Groundwater samples are analyzed by the DEP Bureau of Laboratories for 27 analytes including nutrients, basic chemistry, and metals.  Twenty-one of these analytes underwent trend analysis (Table 1).  Groundwater samples are collected using quality assurance/quality control guidelines (DEP, 1998a).  The monitoring points in this report were grouped into broad categories of lithology (Table 2) and land use (Table 3).  The three rock types include 49 different geologic formations.  The assigned land use is based on field observation of the surrounding ¼ mile of predominant land use.  Some specific land uses were categorized because they were reported only a few times.  Land uses categorized as “residential with septic” are typically more rural and less developed than “residential” (sewered) or “urban” areas.

Table 1.  Analytes undergoing trend analysis.

Analyte
Abbreviation
Analyte
Abbreviation
Analyte
Abbreviation

pH
pH
Total Hardness (CaCO3)
TH
Total Silica
SiO2

Total Alkalinity (CaCO3)
Alk
Total Calcium
Ca
Total Barium
Ba

Total Filterable Residue
TDS
Total Magnesium
Mg
Total Copper
Cu

Total Ammonia Nitrogen
NH3-N
Total Sodium
Na
Total Iron
Fe

Total Nitrite Nitrogen
NO2-N
Total Potassium
K
Total Manganese
Mn

Total Nitrate Nitrogen
NO3-N
Total Chloride
Cl
Total Zinc
Zn

Total Phosphorus
P
Total Sulfate
SO4
Turbidity (laboratory)
Turb

Table 2.  Categorization of the 419 monitoring points by rock type.

Rock Type
Number
Percentage

Carbonate (limestone; dolomite)
143
34.1

Crystalline (slate, schist, gneiss, granitic rocks)
  99
23.6

Siliciclastic (sandstone, siltstone, shale)
177
42.2

Table 3.  Categorization of the 419 monitoring points by land use.

Land Use Type
Number
Percentage

Agriculture (82% of these monitoring points are cropland) )
133
31.7

Forest 
  99
23.6

Residential (includes 4 at golf courses)
  91
21.7

Residential with septic
  81
19.3

Urban (includes commercial services, industrial)
  15
  3.6

Factors of Groundwater Quality

Groundwater quality is a result of a complex mix of many interrelated factors.  In general, factors can usually be divided into two categories:  natural and anthropogenic.  Natural variations in regional groundwater quality have been attributed to influences such as climate, precipitation, soil, geologic formation, and groundwater flow path.  Human activities often affect the groundwater quality through land use and disposal activities such as resource mining, farming, industrial operations, urban development, waste disposal, materials storage, and deicing application and storage.  Atmospheric deposition of some constituents may add appreciable amounts to the groundwater.  The USGS (Risser and Siwiec, 1996) summarizes common contaminants in groundwater in the Lower Susquehanna Valley.  The U.S. EPA (EPA, 1990 and EPA, 1994) has published detailed summaries of potential sources of groundwater contamination.

Atmospheric Deposition

Groundwater ultimately begins with precipitation that infiltrates the ground to the saturated zone.  Precipitation in Pennsylvania has a pH ranging from 4.0 to 4.3, which could be characterized as a dilute, aqueous solution of sulfuric and nitric acids (DEP, 1998b).  Water that is more acidic (related to lower pH) will dissolve more substances that it contacts.  The buffering capacity of rocks typically raises the pH to varying degrees based on the composition of the soil and rocks.  Sulfate and nitrate are two substances in precipitation that potentially can be deposited in significant concentrations from the atmosphere.  The USGS (Puckett, 1997) reported that “the deposition of nitrogen from the atmosphere can be a major source of nitrogen…” 

Mean annual wet concentrations of nitrate and sulfate for Pennsylvania in 1997 were 1.53 mg/L (eastern Pennsylvania) and 2.056 mg/L, respectively  (DEP, 1998b).  A study by the Environmental Resources Research Institute of the Pennsylvania State University (Nizeyimana and others, 1997) indicated that atmospheric deposition accounted for nearly 38 percent of the contributions of nitrogen to the groundwater of the state.  DEP’s Bureau of Air Quality reported that sulfate concentrations from air deposition have declined across the state since 1983 by nearly 28 percent (DEP, 1998b).  Air deposition of nitrate concentrations also have decreased by approximately 13 percent across the state since 1983 (DEP, 1998b). 

Nitrate and sulfate deposition is heavily influenced by rainfall amounts.  Considering this and the mean annual concentration ranges of the anions, and the amount of precipitation that infiltrates to the groundwater, it is unlikely that changes in atmospheric deposition of sulfate have had a significant role in the changes in groundwater quality.  The addition of nitrate may be significant to the groundwater quality, but the impact of atmospheric trends on groundwater quality is probably slight.  Other substances from the atmosphere may be added to the groundwater but probably at negligible concentrations.

Infiltration

In the study area, approximately 20 – 33 percent of precipitation enters the groundwater system (Lehigh University, 1982; Taylor and Werkheiser, 1984).  In general, precipitation infiltrates a layer of regolith (the mantle of unconsolidated material) to fractures and joints of the bedrock. Most of the study area and all of the monitoring points are underlain by consolidated rocks.  The main porosity components of these rocks are fractures, joints, bedding planes and other secondary features.  The dominance of secondary porosity features in the rocks often results in multiple groundwater bearing zones for a well.  This contributes to complex geochemical characteristics of groundwater that is sampled from a well.  The soil chemistry, texture, porosity and fracturing of the soil are typically related to the geology.  The soil thickness and other physical characteristics can have a major effect on the groundwater vulnerability to pollution sources.

Geology

The chemical weathering of soil and rock by infiltrating acidic waters largely controls the concentrations of ions in groundwater.  Major ions and trace elements are dissolved into the water when acidic, infiltrating water reacts with the minerals of the soil and rock.  Because the chemistry of the rocks is variable, groundwater quality likewise is variable as it develops an imprint of the rock it flows through (Johnston, 1986). 

In most rock types, the percentage of fractures decreases with depth.  In addition, most fractures typically occur less than 300 to 500 feet below the surface.  However, because of fracture patterns, even adjacent wells may encounter water at greatly varying depths and thus have varying chemistries. 

In southeastern Pennsylvania, the geology of the monitoring points has been classified as carbonate, crystalline or siliciclastic rocks.  This simple classification is effective in dividing major characteristics of the rocks.  Carbonate rocks are bedded and are typically subjected to dissolution.  Fractures, bedding planes and dissolution features control the groundwater flow.  Crystalline rocks are typically fractured and limited in quantity with depth (especially below 200 to 300 feet).  Siliciclastic rocks are bedded and subjected to fractures, although shales fracture much less.  These physical characteristics are important in the flow of groundwater.  The geochemistry of the rocks is a significant factor of the groundwater chemistry.

Flow Path and Well Depth

In southeastern Pennsylvania, groundwater is nearly always accessed with wells less than 1,500 feet deep, and usually by wells that are less than 500 feet.  Most groundwater flow is in shallow (less than 300 feet) flow systems.  The depth to the groundwater table in Pennsylvania is typically less than 100 feet.  The water table is most often a subdued replica of the surface topography (Risser and Siwiec, 1996). 

The flow path of groundwater is an important factor in the groundwater chemistry.  Even the sequence of geologic units that groundwater travels though will affect its chemistry (Johnston, 1986).  The residence time of groundwater also will influence the quality of groundwater.  The residence time depends mainly on the flow system route and on the hydraulic nature of the rock. 

A deeper well may intersect shallow and deeper zones of groundwater and therefore mix younger and older water.  Regional areas of groundwater discharge may represent older, well-traveled groundwater that contains higher concentrations of dissolved materials.  For example, Wood (1980) reported that sulfate concentrations were likely related to the contact time of groundwater with rock (i.e. the flow path duration).  Alternately, groundwater in a recharge area or in a very shallow, short flow path will tend to have fewer dissolved constituents.  For example, shallow wells are more likely to have higher concentrations of nitrates (Mueller and others, 1996).  However, areas of permeable soils and rocks may allow high nitrate concentrations to migrate to deeper groundwater tapped by deep wells.

In the previous study of the ambient monitoring data, shallow wells in crystalline rocks and siliciclastic rocks tended to have lower pH and lesser concentrations of alkalinity, total hardness, calcium, sulfate and TDS (Reese, 1998). Although major differences were not detected, the two discharge areas reviewed appeared to have a higher pH, and higher concentrations of TDS, alkalinity, total hardness, calcium, magnesium and sulfate.  This may be a reflection of a longer residence time as assumed from the position of the monitoring points in the groundwater basin.

Complexities arise when wells tap very different producing zones (R.E. Wright Associates, 1982). In addition, the depths of water bearing zones are not often identified, which further complicates any assessment of groundwater quality and well depth.  Indistinct differences in water quality between shallow and deep wells can be caused by the mixing of older and younger water in the deep well.  Mixing of separate flow zones also can obscure natural differences in quality that would occur along the flow path.

Land Use

Human activities at and below the surface of the land can produce an imprint on the groundwater quality.  For example, a heavily farmed region will typically provide a source of nutrients and dissolved solids to the groundwater.  In the previous study (Reese, 1998), high nitrate values were associated with carbonate rocks and agricultural land use. This conclusion regarding nitrate is shared with other investigations (Mueller and others, 1996, Puckett, 1997, Ator and Ferrari, 1997).  TDS concentrations seem to be elevated where the aquifer is more vulnerable to land activities.  Although TDS concentrations can be naturally elevated in carbonate rocks, agricultural activities likely contribute to the levels of TDS in groundwater.  Undisturbed forest land may provide for a more steady, uncontaminated groundwater quality.  Forest areas had low nitrate concentrations and accounted for a disproportionate share of pH values less than 6.5 (Reese, 1998).  A dense residential area may generate contaminants by runoff from paved areas.  An unsewered area with many homes on septic systems may affect the groundwater quality by adding nitrates and chloride.  Drever (1988) cites a study by Langmuir (1971) that attributed nitrate, sulfate, chloride, potassium, and sodium concentrations in central Pennsylvania to land use.  The USGS (1999) considers nitrate values over 2.0 mg/L and orthophosphate (the main constituent phosphate) concentration over 0.02 mg/L as having been effected by human activities.  Other common dissolved constituents can be influenced by land use (Blickwedel and Wood, 1988). 

Road salts have been used to clear roads of snow and ice for decades.  However, increasingly large amounts of salt have been applied in the last 20 years.  Road salting directly adds sodium and chloride ions to groundwater.  Calcium and magnesium ions may be added from calcium magnesium acetate (although its use in Pennsylvania is limited), or from calcium chloride solutions, which are used as pre-wetting solutions for salt application.  Cation exchange of sodium with ions in soil and rock such as magnesium, calcium and potassium may add these and other ions to groundwater. 

Changing groundwater quality

After determining the main factors of groundwater quality, one can consider why groundwater quality might change.  Factors like the geology will not appreciably change.  “Natural” groundwater can change under the influence of a pumping stress on the aquifer that changes flow directions and pulls in water of a different chemistry.  Even in times of draught, a well that taps both shallow and deep water may change in quality if the shallow zone dries up.  Alternatively, a well’s zone of influence may expand and different water quality may be pulled into the well. 

Additional influencing factors include changes in land use and activity, natural cycles caused by the level and intensity of precipitation (Pettyjohn, 1976 and 1982), and changes in atmospheric deposition.  Such factors may account for some shifts in groundwater quality.  For example, what variation in groundwater quality might accompany the switch from farmland to a developed area?  Pennsylvania has long been a populated, industrial and agricultural state with large areas of forest.  However, the expansion of the suburbs in southeastern Pennsylvania in the last 30 years is well known. Moreover, how soon does a land use change affect the groundwater quality?  Answers to such questions are likely affected by site-specific features such as soil cover, depth to water, geologic formation, and the degree of disturbance of the land surface and surface hydrology. 

It is well known that certain settings pose greater vulnerability to groundwater contamination from human activities.  A thin soil cover underlain by highly fractured, permeable rock offers little protection to the groundwater.  Such areas tend to respond quickly to land use changes and stresses.  For example, if a residential area replaces a farming area underlain by carbonate rocks with a thin soil cover, groundwater use will likely soon show characteristics of this change.  One of the unintended results of this may be an improvement of the groundwater quality with respect to nitrate.  On the other hand, nonpoint source pollution such as road salts, parking lot runoff, etc. may actually increase (Sloto, 1987).

Pennsylvania has the fourth largest highway system in the United States and these roads require winter maintenance.  The increase in the use of road salt in Pennsylvania, especially during the 1980s and 1990s, comes because of an increased demand for clear roads in the winter.  Less anti-skid material is now used and salt is the material most commonly applied.  Average application rates in the northeastern United States range from about five to 20 tons per lane mile per year (Transportation Research Board, 1991). Average annual salt usage on state highways in Pennsylvania from 1992 – 1997 was nearly 700,000 tons (PennDOT, 1998).  This is an increase over reported amounts from 1989 of approximately 400,000 tons (Transportation Research Board, 1991), and from the 1960s and early 1970s (PennDOT, 1998).  The Pennsylvania Department of Transportation’s (PennDOT) District 6 (which includes Bucks, Chester, Delaware, Montgomery and Philadelphia counties) applied an average of over 60,000 tons of road salt per year on 3,600 miles of PennDOT maintained roads from 1992 to 1997 (PennDOT, 1998).  This does not include deicing for roads maintained by municipalities, which accounts for over 10,000 miles in District 6.  Areas with a high density of roads would tend to have higher amounts of salt that could reach the groundwater.

The most likely zone to be affected is immediately adjacent and downgradient of a road.  For example, if road salt infiltrates the top 100 feet of an aquifer (assuming 15 percent porosity), and 17.5 tons of salt are added in a mile of two-lane highway (in a zone 100 feet wide), 43 mg/L per year of chloride may be added to the groundwater.  This assumes that all of the runoff from the road would infiltrate to the groundwater.  If 25 percent of the chloride infiltrates, approximately 10 mg/L would be added.  Because groundwater is moving and dilution and diffusion processes are occurring, ion concentrations in most cases would not result in serious degradation.  It is anticipated that road salting could cause small rises in ion concentrations that could be seen in the groundwater over years.

Downward trends in total nitrogen (but not nitrate) and phosphorus in surface water have been documented for the Susquehanna River Basin from 1985 to 1996 (Lindsey, and others, 1998).  These trends are attributed to better agricultural practices and sewage treatment plants.  Phosphate reduction is explained by citing the ban on phosphate detergents.  Phosphates in household detergents were banned in 1990.  By 1994, phosphate levels had declined nearly 50 percent from 1985 levels at 91 surveyed wastewater treatment plants (DEP, 1999).

Trend Analysis Results

Methods

The Kendall Tau rank correlation test was used to test for trends in groundwater quality over time for the 419 monitoring points.  This test is a nonparametric procedure that is similar to the standard correlation coefficient to assess the presence of a relationship between variables. The Kendall Tau value represents a probability that there is a relationship between two variables. A significance level of .05 was used with the calculated Kendall Tau correlation coefficients. Trend analysis was performed on monitoring points using SAS™ statistical software.  Monitoring points have been sampled between 5 and 34 times; the majority of monitoring points (91 percent) was sampled 10 or more times.  The average number of samples per monitoring point is 19.

Limitations

Deciphering trends from groundwater data is a speculative business.  Besides a myriad of factors that can affect regional groundwater quality, there also can be as many site specific factors for each monitoring point.  Seasonal loading complexities, variable groundwater flow rates and irregular precipitation patterns further cloud the picture.  With the addition of human error, there is a significant possibility that trends are not as they appear.  For example, misclassification or changing land uses can affect any correlations.  Even the significance level for the Kendall Tau test implies there is a five-percent probability (one out of 20) that a trend detected over time for a constituent is a chance occurrence.  Nevertheless, the data may provide a legitimate, if generalized, depiction of groundwater changes that have occurred over the past 10 to 15 years.  Other statistical methods may be used in the future to further explore the data.

Trends

Table 4 summarizes the trend analyses for 21 analytes.  The first two rows show the number of trends determined by the Kendall Tau test.  The percentages of upward and downward trends are listed in the fourth and fifth rows.  The sixth and seventh rows indicate the overall percentage of trends out of the 419 monitoring points. 

Some analytes have a predominance of upward or downward trends (Table 4).  Analytes with over 70 percent of calculated trends as upward trends include alkalinity, TDS, calcium, sodium, potassium, and chloride.  Analytes with over 70 percent of their trends as downward trends include pH, nitrite, phosphorus, sulfate and zinc.  Analytes that show the highest percentage of trends (all greater than 20 percent of the 419 monitoring points) include alkalinity, TDS, nitrate, calcium, magnesium, sodium, potassium, chloride, and sulfate.  The trends for the group of nutrients (ammonia nitrogen, nitrite nitrogen, nitrate nitrogen and phosphorus) have predominantly downward trends.  Although 72 monitoring points have upward trends for these nutrients, 154 monitoring points have downward trends.  Other analytes including pH, magnesium, chloride, copper and zinc have downward trends at 10 – 20 percent of the monitoring points.  Nitrate and total hardness have upward trends at 10 – 20 percent of the monitoring points.  Several analytes do not appear to have a dominance of either upward or downward trends.  This judgment is based on the percentage of the overall trends, the relative percentage of upward and downward trends, and the statistical significance value used (p value of 0.05).  These analytes include silica, barium, iron, manganese and turbidity.

Table 4.  Summary of trends for 21 analytes of the 419 monitoring points (MPs)


PH
Alk
TDS
NH3
NO2
NO3
P

MPs with upward trends
11
92
86
7
6
59
3

MPs with downward trends
71
32
5
26
15
113
58

Total MPs with trends
82
124
91
33
21
172
61

% of MPs with upward trends 
13.4
74.2
94.5
21.2
28.6
34.3
4.9

% of MPs with downward trends 
86.6
25.8
5.5
78.8
71.4
65.7
95.1

% upward of total MPs
2.6
22.0
20.5
1.7
1.4
14.1
0.7

% downward of total MPs
16.9
7.6
1.2
6.2
3.6
27.0
13.8


TH
Ca
Mg
Na
K
Cl
SO4

MPs with upward trends
73
116
95
134
111
148
25

MPs with downward trends
41
22
46
22
9
49
109

Total MPs with trends
114
138
141
156
120
197
134

% of MPs with upward trends 
64.0
84.1
67.4
85.9
92.5
75.1
18.7

% of MPs with downward trends 
36.0
15.9
32.6
14.1
7.5
24.9
81.3

% upward of total MPs
17.4
27.7
22.7
32.0
26.5
35.3
6.0

% downward of total MPs
9.8
5.3
11.0
5.3
2.1
11.7
26.0


Si
Ba
Cu
Fe
Mn
Zn
Turb

MPs with upward trends
10
41
22
19
10
18
17

MPs with downward trends
18
26
43
34
14
45
20

Total MPs with trends
28
67
65
53
24
63
37

% of MPs with upward trends 
35.7
61.2
33.8
35.8
41.7
28.6
45.9

% of MPs with downward trends 
64.3
38.8
66.2
64.2
58.3
71.4
54.1

% upward of total MPs
2.4
9.8
5.3
4.5
2.4
4.3
4.1

% downward of total MPs
4.3
6.2
10.3
8.1
3.3
10.7
4.8

Trends and Land Use

The trends in nitrogen and sulfate may be related to changing demographics and distribution in the environment.  Increased use of community sewers and conversion of farmland to residential areas has been occurring in Pennsylvania.  The number of farms in Pennsylvania decreased nearly 20 percent from 1982 to 1992 (to less than 45,000 farms) while the average size of farms continued to grow. Conversion of farmland to residential areas will typically reduce the rate of nitrogen application.  The application rate of animal manure in agricultural areas affects the nitrate levels in groundwater (Lindsey and others, 1999).  Areas that contain an increased number of animals may have increased nitrate concentrations in groundwater.  Sulfate is an ingredient in many fertilizers and septic tank effluent (Bolton, 1996), and the downward trends in sulfate concentrations may have similar causes as decreases in nitrate levels.  

The increase in concentration of dissolved minerals such as calcium, magnesium, sodium, potassium and chloride may be related to the increased use of road salts, and urban expansion and development.  An area with a high density of roads and vulnerable hydrogeology could be affected by road salting. 

Sloto (1987) compared land uses with wells that showed increases of sodium and chloride.  He assumed that sewered areas have a denser population and a denser network of roads, which would have more road salt applied per unit area than the less populated, unsewered areas.  Using these criteria, the percentages of monitoring points by land use (urban and residential versus forest and residential with onlot septic systems) were compared with monitoring points showing upward trends in sodium and chloride.  The percentage of monitoring points with urban and residential (sewered) land uses and upward trends in chloride and sodium was 33 percent and 31 percent, respectively (Table 5).  However, monitoring points with these land uses account for 25 percent of the 419 monitoring points that underwent trend analysis (Table 3).  This slight bias suggests that road salting is affecting the groundwater quality in parts of the more developed areas of the FSN basins.  By contrast, monitoring points with forest land use accounted for just 14 percent and 16 percent of the upward trends in chloride and sodium, respectively (Table 5).  However, these land uses accounted for 24 percent of the monitoring points that underwent trend analysis (Table 3).

Monitoring points with residential and urban land uses land uses account for 38 percent of the monitoring points with upward trends in TDS, and over 30 percent of the upward trends in calcium, magnesium, sodium and chloride (Table 5). Alternatively, forest land use accounts for about 24 percent of the monitoring points, but has less than nine percent of the upward trends in TDS.  In other words, these land uses seem to have a disproportionate share of these trends.

Table 5.  Percentage of monitoring points with trends by land use.

Analyte trend
Overall
percentage
Alk
up
TDS
up
NO3
down
Ca
up
Mg
up
Na
up
K
up
Cl
up
SO4
down

Agricultural
31.7
31.5
36.0
31.0
31.9
18.9
39.6
38.7
31.8
36.7

Forest 
23.9
21.1
  8.1
20.4
20.7
21.1
16.4
21.6
13.5
23.9

Residential
21.5
25.0
30.3
21.2
26.7
28.4
24.6
17.1
28.4
15.6

Residential w septic
19.3
12.0
17.4
22.1
15.5
26.3
12.7
18.0
21.6
20.2

Urban 
3.6
5.4
8.1
5.3
5.2
5.3
6.7
4.5
4.7
3.7

Additional complexity of deciphering trends using just land use and geology is shown in Table 6, which further divides the land use categories into rock types.  Specific tendencies are harder to detect.  This indicates that other factors are involved.  However, even with this specific breakdown, several tendencies are evident.  Forest land use in crystalline and siliciclastic rocks has proportionally less upward trends in TDS, calcium, sodium and chloride.  Residential use in crystalline and siliciclastic has proportionally more upward trends in alkalinity, TDS, and magnesium. Agriculture areas in the carbonate rocks have proportionally more upward trends in sodium.

Table 6.  Breakdown of trends by lithology for each land use category.

Monitoring Point Land Use

N
Percent of
Percent 
Alk 
TDS 
NO3 
Ca 
Mg 
Na 
K 
Cl 
SO4 

and Lithologic Category


land use
of total
Up
Up
Down
Up
Up
Up
Up
Up
Down


Carbonate
68
51.1
16.2
17.4
18.6
16.8
16.4
8.4
25.4
16.2
16.2
20.2

Agriculture
Crystalline
8
  6.0
  1.9
1.1
1.2
0.9
0.9
1.1
0.7
1.8
2.7
3.7


Siliciclastic
57
42.9
13.6
13.0
16.3
13.3
14.7
9.5
13.4
20.7
12.8
12.8


Carbonate
14
14.0
  3.3
4.3
2.3
2.7
5.2
3.2
5.2
2.7
2.0
3.7

Forest
Crystalline
46
46.0
11.0
12.0
3.5
8.0
6.9
13.7
6.7
2.7
7.4
10.1


Siliciclastic
40
40.0
  9.5
9.8
2.3
9.7
8.6
4.2
4.5
16.2
4.1
10.1


Carbonate
38
42.2
  9.1
14.1
10.5
12.4
11.2
5.3
14.9
8.1
12.2
10.1

Residential
Crystalline
25
27.8
  6.0
3.3
9.3
3.5
5.2
11.6
2.2
5.4
6.8
0.9


Siliciclastic
27
30.0
  6.4
7.6
10.5
5.3
10.3
11.6
7.5
3.6
9.5
4.6


Carbonate
17
21.0
  4.1
3.3
4.7
4.4
5.2
5.3
6.0
4.5
6.1
4.6

Residential
Crystalline
17
21.0
  4.1
2.2
3.5
5.3
1.7
6.3
2.2
1.8
4.1
2.8

with Septic
Siliciclastic
47
58.0
11.2
6.5
9.3
12.4
8.6
14.7
4.5
11.7
11.5
12.8


Carbonate
6
40.0
  1.4
3.3
3.5
2.7
2.6
1.1
3.0
0.9
1.4
0.9

Urban
Crystalline
3
20.0
  0.7
0.0
1.2
0.9
0.0
1.1
1.5
0.9
0.7
1.8


Siliciclastic
6
40.0
  1.4
2.2
3.5
1.8
2.6
3.2
2.2
2.7
2.7
0.9


Total
419

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

Trends and Rock Type

A similar analysis can be made using the basic rock types (Table 7).  Monitoring points in carbonate rock account for just 34 percent of the monitoring points that underwent trend analysis.  Upward trends of sodium in carbonate rock accounted for 54 percent, respectively, of the monitoring points.  The higher percentage of trends for chloride in carbonate rocks suggests that its presence may be a factor.  A potential source of the chloride may be road salts; however, a concomitant rise in sodium is not always seen.  The disproportionate number of upward potassium trends in siliciclastic rocks is not well understood, but may be related to ion exchange processes in this rock type.

Table 7.  Percentage of monitoring points with trends by rock type.

Analyte trend

Overall
percentage
Alk
up
TDS
up
NO3
down
Ca
up
Mg
up
Na
up
K
up
Cl
up
SO4
down

Carbonate
34.1
42.4
39.5
38.9
40.5
23.2
54.5
32.4
37.8
39.4

Crystalline
23.6
18.5
18.6
18.6
14.7
33.7
13.4
12.6
21.6
19.3

Siliciclastic
42.2
39.1
41.9
42.5
44.8
43.2
32.1
55.0
40.5
41.3

Groundwater data from carbonate rock aquifers are typically more variable.  For example, Figure 2 depicts the variability of TDS values in the carbonate rock data compared to those of crystalline and siliciclastic rocks.  This implies that land use activities over carbonate rocks can cause more widespread effects in terms of groundwater chemistry.

Figure 2.  TDS concentrations (mg/L) by land use and grouped by lithology (A=agriculture, F=forest, R=residential, Rws=residential with septic, and U=urban).  Urban crystalline box is based on only three samples (see Table 6).
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Trends and Geography

The latitude and longitude (and all other attribute data) were used to generate a point dataset coverage in ArcView™.  Geographic relationships could be assessed by comparing the presence of trends with monitoring point locations.  Only the analytes that have trends at more than 20 percent of the monitoring points are reviewed. These analytes are assumed to be shifting in concentration on a regional scale. 

Upward trends in sodium and chloride are widespread but also more concentrated in the areas of Lancaster County, the Allentown area, and the Chester Valley (Figure 2).  These areas are densely developed and/or are underlain by vulnerable rocks.  Road salting and urban runoff are likely responsible for the increases in these ions.

Figure 3.  Location of upward trends in chloride (filled circles).
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Upward trends in alkalinity, TDS, calcium, magnesium and downward trends in nitrate are mainly widespread with no particular geographic concentration.  In proportion, Lancaster County does have slightly more upward trends in TDS and calcium, and Montgomery County has slightly more trends in magnesium.  Proportionally more upward trends in potassium are located in Northampton and Lehigh Counties. Upward trends in potassium are more concentrated in the Allentown area, as are downward trends in sulfate.

Despite these geographic tendencies, the relationship between geography and the trends is in most cases unclear.  Defining regional trends in groundwater quality is difficult for several reasons.  The many interrelated factors regarding groundwater quality do not favor the dominance of any particular factor to control trends.  In addition, FSN basins account for approximately half of the area in the southeastern Pennsylvania, so that there are areal gaps in the data. 

Vulnerability

Rock type and land use are the biggest factors that affect the number of trends.  As noted previously, groundwater in carbonate rocks has an increased vulnerability to contamination sources.  Tables 8 and 9 and Figure 4 suggest that the number of trends is related to both lithology and land use.  A statistical check using the Kruskal-Wallis test confirms that the differences by land use and lithology are statically significant using (=0.05.  The data infer some connection to the occurrence of trends in groundwater quality, but do not explain exact causes of trends.

Table 8.  Average number of trends by lithology.

Lithology
N
Upward
Downward
Total

carbonate
143
3.0
2.1
5.1

crystalline
99
2.2
1.7
3.9

siliciclastic
177
2.6
2.0
4.6

Table 9.  Average number of trends by land use.
Land use
N
Upward
Downward
Total

Agriculture
133
2.7
2.1
4.8

Forest
99
2.1
1.7
3.8

Residential
91
3.1
1.8
4.9

Res with septic
81
2.5
2.0
4.5

Urban
15
3.5
2.5
6.1

Figure 4.  Comparison of the number of trends by land use and grouped by lithology (A=agriculture, F=forest, R=residential, Rws=residential with septic, and U=urban).  Urban crystalline box is based on only three samples (see Table 6).
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Conclusions

The presence of a trend at one or even a few monitoring points does not necessarily equate to improving or declining groundwater quality on a regional basis.  Although FSN monitoring points were selected to be representative of the groundwater basin, the total number of monitoring points nevertheless represents a small portion of regional groundwater.  Because the monitoring points that underwent trend analysis represent only a small segment of the basin, caution must be taken when interpreting the information on trends.  

Many of the groundwater factors are interrelated.  Land uses and population trends are related to the geology and physiography.  The groundwater quality is related to the geology and land uses.  Additional factors such as variable geology and groundwater flow paths, changing and variable contaminant loading and land uses, and constantly changing precipitation rates and occurrences add further complexities to understanding the dynamic groundwater chemistry.

Natural groundwater quality cycles occur as background to other trends.  It is obvious from reviewing the data that the concentrations of some analytes are apparently increasing while others are decreasing.  This may be evidence for somewhat random, cyclic, or local changes in groundwater quality.  Even the statistical probabilities have a built-in error of analysis.  

Despite these uncertainties, several general conclusions can be made. Distinct geographical trends were difficult to discern; however, some areas seem to be undergoing changes in groundwater quality.  Overall downward trends in sulfate and nitrate are notable and may be related in changes in land use and improvements in agricultural practices and sewage disposal.  Downward trends in atmospheric deposition of sulfate and nitrate have been evident since 1983.  However, minor reductions in atmospheric deposition are unlikely to have had much of an impact on sulfate and nitrate concentrations in groundwater.  Notable upward trends (greater than 20 percent of monitoring points that underwent trend analysis) have occurred for alkalinity, TDS, calcium, magnesium, sodium, potassium, and chloride.  Although exact causes of such trends are unclear, they may be related to an increase in nonpoint source pollution from changing land uses and specifically more extensive use of road salts.  
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