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Abstract Groundwater is connected to the landscape
above and is thus affected by the overlaying land uses.
This study evaluated the impacts of land uses upon
groundwater quality using trilinear analysis. Trilinear
analysis is a display of experimental data in a triangular
graph. Groundwater quality data collected from agricul-
tural, septic tank, forest, and wastewater land uses for a
6-year period were used for the analysis. Results showed
that among the three nitrogen species (i.e., nitrate and
nitrite (NOy), dissolved organic nitrogen (DON), and
total organic nitrogen (TON)), NO, had a high percent-
age and was a dominant species in the groundwater
beneath the septic tank lands, whereas TON was a major
species in groundwater beneath the forest lands. Among
the three phosphorus species, namely the particulate
phosphorus (PP), dissolved ortho phosphorus (PO3")
and dissolved organic phosphorus (DOP), there was a
high percentage of PP in the groundwater beneath the
septic tank, forest, and agricultural lands. In general, Ca
was a dominant cation in the groundwater beneath the
septic tank lands, whereas Na was a dominant cation in
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the groundwater beneath the forest lands. For the three
major anions (i.e., F, Cl, and SO?[), F accounted for
<1 % of the total anions in the groundwater beneath the
forest, wastewater, and agricultural lands. Impacts of
land uses on groundwater Cd and Cr distributions were
not profound. This study suggests that trilinear analysis
is a useful technique to characterize the relationship
between land use and groundwater quality.

Keywords Land use - Groundwater quality - Trilinear
analysis

Introduction

Groundwater is a valuable and major resource for hu-
man and terrestrial life consumption in addition to pro-
vide baseflow for keeping most rivers flowing all year
long and wetland healthy as well as to maintain good
water quality by diluting sewage and other effluent
(Lerner and Harris 2009). Contamination of groundwa-
ter resources with toxic chemicals and excess nutrients
is a serious environmental concern (Ouyang 2012).
With increased recognition of the importance of ground-
water resources for human consumption and terrestrial
life, a greater need exists to assess groundwater quality.

Groundwater quality variations result from natural
conditions and anthropogenic activities. Natural condi-
tions alter groundwater quality by means of recharge
and discharge, mineral dissolution, flow paths, resi-
dence times, and mixing fresh groundwater with resi-
dential water or intruded seawater. Anthropogenic ac-
tivities affect groundwater quality through the vadose
zone leaching of contaminants due to accidental
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spillage, leakage, and inappropriate application of
chemicals at the land surface; the intrusion of water with
high dissolved solids due to groundwater withdrawals;
and the introduction of irrigation water from deep aqui-
fers to surficial aquifers (Boniol 1996).

Groundwater is connected to the landscape above
and is thus affected by land uses through the changes
in recharge and flow path, the demands for groundwater
supply, and the increases in pollutant generation. Inap-
propriate land use, particularly poor land management,
could cause chronic groundwater quality degradation.
The severity of groundwater contamination is directly
related to human activities, which can be quantified in
terms of the intensity and type of land uses. A simple
way to assess the impacts of land use on groundwater
quality is to compare the contents of contaminants in
groundwater among different land uses. In the last de-
cades, numerous studies have been performed to exam-
ine the relationship between land use and groundwater
contamination (Eckhardt and Stackelberg 1995;
Gardner and Vogel 2005; Scanlon et al. 2005; Lerner
and Harris 2009; Sarukkalige 2011). Eckhardt and
Stackelberg (1995) investigated the relation of ground-
water quality to land use in Nassau and Suffolk
Counties, Long Island, NY. Their study areas (22 to 44
square miles) include four land uses, namely suburban
land sewered more than 22 years, suburban land
sewered less than 8 years, suburban land without a
regional sewer system, agricultural land, and undevel-
oped (forested) land. Comparing groundwater quality
data from 90 wells, these authors found that the contents
of nitrate, alkalinity, boron, synthetic solvents, and
pesticides in the groundwater samples are lowest from
the undeveloped area and are intermediate to high from
the suburban and agricultural areas. Sarukkalige (2011)
assessed the spatial variation of groundwater quality and
its relationship to land use in Perth Metropolitan, West-
ern Australia. This author showed that groundwater
beneath agricultural land is particularly susceptible to
nutrient loading due to the application of fertilizers. By
studying the relationship between groundwater contam-
ination and land use, the sustainability of groundwater
resources can be addressed and integrated with better
land use practices and water protection strategies.

Multivariate statistical tools have been widely used to
analyze water quality variations in streams and aquifers
(Ouyang et al. 2006; Skeppstrom and Olofsson 2006;
Andrade et al. 2008). Andrade et al. (2008) applied
cluster analysis, factor analysis, and principal
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component analysis to estimate the effects of land use
on groundwater composition in an alluvial aquifer in
Trussu River, Brazil. Based on their cluster analysis, two
zones of groundwater quality constituent distribution
are differentiated: the upland zone is mainly for
irrigation and livestock activities, and the lowland
zone is occupied by human settlements. Gardner and
Vogel (2005) predicted groundwater nitrate concentra-
tion from land use with maximum likelihood and logis-
tic regression techniques. These authors demonstrate
that nitrate concentrations down gradient from agricul-
tural land are significantly higher than that of elsewhere,
and the number of septic tanks and the percentages of
forest, undeveloped, and high-density residential land
within a 1,000-ft radius of a well are reliable predictors
of nitrate concentration in groundwater. All of these
studies have provided invaluable insights into the appli-
cations of multivariate statistical techniques to assess
relationship between groundwater quality and land
use. However, few efforts have been devoted to evalu-
ating the impacts of land uses upon groundwater quality
compositions using trilinear analysis.

Trilinear analysis (or plot) is a display of experimen-
tal data in a triangular graph. These data should contain
three components, each of which is typically expressed
as a percentage of the total of the three, and the sum of
the three components should be equal to 100 % (USDA
1951; Piper 1953; Holm 1988; Shikazel and Crowe
2007). For instance, the total nitrogen (TN) in ground-
water is the sum of the following three compositions:
total organic nitrogen (TON), nitro oxides (NO,), and
ammonium (NH3). A trilinear analysis can be used to
plot the relative percentages of the three nitrogen
compositions in a triangular diagram. Lipson and
Siegel (2000) applied the trilinear analysis to investigate
the fate and transport of the aromatic hydrocarbon com-
pounds of benzene, toluene, and xylene. These authors
demonstrated how to apply trilinear analysis to charac-
terize the physiochemical controls governing the fate
and transport of the aromatic hydrocarbon compounds
in groundwater. Trilinear analysis is also used to plot
sediment textures such as percentages of sand, silt, and
clay (Shikazel and Crowe 2007). The goal of this study
was to evaluate the relationship between groundwater
quality and land use using the trilinear analysis. More
specifically, our objective was to estimate impacts of
four different land uses (i.e., agricultural, septic tank,
forest, and wastewater land uses) upon groundwater
quality compositions, including nitrogen, phosphorus,
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cations, anions, and heavy metals. Groundwater qual-
ity data collected from the Lower St. Johns River
Basin (LSJRB), FL, for a 6-year period were used
for the analysis.

Methods and materials
Study site

Water quality data used in this study were collected from
a shallow groundwater system of the LSJRB from March
2003 to March 2009. The LSJRB is situated in northeast
Florida, between 29° and 30°N and between 81.13° and
82.13°W (Fig. 1) with an area of about 7,192 km®. Land
covers in this basin largely consist of residential, com-
mercial, industrial, agriculture, forest, and surface water.
This area is contaminated with point and nonpoint source
pollutants, including nutrients, hydrocarbons, pesticides,
and heavy metals (Durell et al. 2001).

Fifty-nine shallow groundwater wells (Fig. 1) were
installed or activated by the St. Johns River Water
Management District of Florida and its contractor
(LBG, Inc. 2004) in 2003 for the purpose of monitoring
groundwater quality in the LSJRB. These wells were
placed in four different land uses, including the septic
tank (residential) area, forestry, agriculture, and waste-
water (spray field). Each land use had two different sites,
and each site had at least 3 and up to 15 wells, depending
on the size of land use in that location. Well casing
depths ranged from 4 to 7 m, which are considered
shallow groundwater wells in Florida. Sampling

Fig. 1 Location of the
groundwater wells under four
different land uses in the Lower

St. Johns River, FL Florida ¢

activities included the collection of groundwater sam-
ples, the in situ measurement of water level, and the slug
test of hydraulic conductivity. The groundwater sam-
pling and water level measurement were conducted
seasonally for a 6-year period (2003-2009). All sam-
pling activities were conducted in accordance with the
SJRWMD standard operating procedures for the collec-
tion and analysis of water quality samples and field data
(SJRWMD 2010). These standard operating procedures
are in compliance with the US EPA’s standard methods
for groundwater sampling and analysis. Statistical
analysis was performed with SAS 9.0, and all of
the experimental data were statistically evaluated
using F-test at a=0.05.

Data format and trilinear analysis

An Excel Macro for generating trilinear plots (Shikazel
and Crowe 2007) was used for trilinear analysis in this
study. This Excel Macro (free of charge) requires input
data in a specific format. As stated in the “Introduction”
section, these data should contain three compositions
with the same unit (i.e., mg/L or um/L for this study),
each of which is typically expressed as a percentage of
the total of the three, and the sum of the three compo-
nents should be equal to 100 %. In this study, five
groups of groundwater quality compositions were used,
namely the nitrogen, phosphorus, major cations, major
anions, and major heavy metals. The nitrogen group was
divided into three compositions as follows: total organic
nitrogen (TON), nitro oxides (NOy), and ammonium
(NH3), and the sum of the three compositions is the total
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nitrogen (TN) or TN=TON+NO,+NHj. The phospho-
rus group was divided into three compositions as fol-
lows: particulate phosphorus (PP), dissolved ortho
phosphorus (PO3 ), and dissolved organic phosphorus
(DOP), and the sum of the three compositions is the total
phosphorus (TP) or TP=PP+PO; +DOP. The major
cations were made of Ca®", Mg2+, and Na', and the
sum of the three cations is the total major cations
(TMC) or TMC=Ca*"+Mg”"+Na". The major anions
were made of Cl, SOﬁ_, and F , and the sum of the
three anions is the total major anions (TMA) or TMA=
Cl +SO3 +F . The major heavy metals were made of
As, Cd, and Cr, and the sum of the three heavy metals is
the total major heavy metals (TMHM) or TMHM=As+
Cd+Cr. Data for each group were then expressed as
percentage for each composition related to the four dif-
ferent land uses (see Table 1 for nitrogen group as an
example). Once the data were formatted and organized,
the Excel Macro, developed by Shikazel and Crowe
(2007), was employed to perform trilinear analysis.

As mentioned above, trilinear analysis is an interpo-
lation of experimental data using a triangular graph.
These data should contain three components, each of
which is expressed as a percentage of the total of the
three, and the sum of the three components should be
equal to 100 %. The data from the three percentage
components are converted to X-Y coordinates using the
following equations (Shikazel and Crowe 2007):

X = A+ Bcos(60°) (1)
Y = Asin(60°) (2)

where 4 is the first of the three percentage components
and B is the second of the three percentage components.
For detailed procedures on how to format the data and
run the Excel Macro, please consult the computer note
by Shikazel and Crowe (2007).

Results and discussion
Nutrient vs. land use

Relationships between groundwater nitrogen composi-
tions and land uses are shown in Fig. 2. For the septic
tank land use, the data plot into two distinct clusters: (1)
a high percentage of NO4 (80-100 %) at the bottom
angle on the right and (2) a low percentage of TON (0—
20 %) at the top angle. Results showed that the nitrogen
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species in the shallow groundwater beneath the septic
tank areas was mainly presented in the form of NO,.
This finding was further confirmed by our descriptive
statistical analysis (Table 2). For example, the mean and
maximum concentrations of NO, were, respectively,
7.37 and 43.70 mg L' in the groundwater beneath the
septic tank areas and were, respectively, 0.51 and
1.65 mg L™" in the groundwater beneath the agricultural
lands. The former mean and maximum concentrations
of NO, were, respectively, about 14 and 26 times higher
than those of the latter. This occurred because septic
systems discharge the greatest total volume of wastewa-
ter directly into soils overlaying groundwater and are the
second largest source of groundwater NO, contamina-
tion in Florida and USA (Canter 1996; Spalding and
Exner 1993). For the undeveloped forest lands, there
were a high percentage of TON (80—100 %) and the low
percentages of NO, (0-30 %) and NH, (0-20 %) in the
groundwater (Fig. 2). The high percentage of TON was
a result of the decomposition of organic matter, which is
enriched in forest lands. Large percentage ranges were
found for TON (40-90 %), NO, (30-80 %), and NH,4
(3090 %) in the wastewater (spray field) land use areas
although an increase in percentage for one nitrogen
species resulted in a decrease in percentages of the other
two nitrogen species. Very low percentage of NOy (0—
10 %) in the groundwater was observed in agricultural
lands, which was in compliance with the statistical
analysis (Table 2). Result indicated that leaching of
NO; into the underlying groundwater from the agricul-
tural lands was much less than those of the septic tank
and wastewater land use areas. This could happen be-
cause of the uptake of NO, by crop roots in agricultural
lands before leaching into the groundwater.

Figure 2 further revealed that a percentage increase in
NO, would result in a percentage decrease in NH, in the
groundwater system. For example, when the percentage
of NO, ranged from 80 to 100 % for the septic tank area,
the percentage of NH4 was reduced to 0—10 % (see the
bottom angle on the right). In contrast, when the percent-
age of NH, ranged from 80 to 100 %, the percentage of
NO, was 0-5 % for the same land use (see the top angle).
This occurred because NOy is the product of NH, during
its oxidation process under aerobic conditions.

Changes in percentage for the three phosphorus spe-
cies under four different land uses are shown in Fig. 3.
There were no data clusters for different land uses
except for the septic tank areas, where all data points
were crowded at the bottom left angle. In these septic
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Fig. 2 Distribution of %NOy, %NHy,4, and %TON in the ground-
water under four different land uses

tank areas, there were very low DOP (0-5 %) and PO3
(0-10 %) but high PP (85-100 %) in the groundwater.
The low percentages of DOP and PO  in the
groundwater occurred because these dissolved phase P
species were absorbed by soil particles and precipitated
through chemical reactions with ions such as iron,
aluminum, and calcium before leaching into the
underlying groundwater. Although the reasons for the
high percentage of PP in the groundwater remain to be
investigated, a possible explanation would be more PP
leaching into groundwater due to less absorption of the
PP. Uusitalo et al. (2003) estimated the contribution of
PP runoff in four study sites in southern Finland. These
authors found that the loss of PP in surface runoff'is 3- to
5-folds higher than those of dissolved phosphorus.

Analogous to the case of the septic tank areas, most
of the P data from the undeveloped forest lands were
situated around the bottom left angle. There was a high
percentage of PP (80—100 %) but low percentages of
DOP (0-10 %) and PO;~ (0-20 %) in the groundwater
(Fig. 3). These occurred due to the same reasons as for
the case of the septic tank areas. In contrast, most of the
P data from the agricultural lands were scattering in the
triangle. Such wide ranges in percentage of the P species
indicate that no discernible impacts of agricultural lands
on groundwater P species distributions although the
exact reasons remain to be investigated.

@ Springer

The percentage ranges for P species in the ground-
water beneath the wastewater (spray field) land use
areas were 0-30 % for DOP, 0-90 % for PP, and 0—
100 % for PO3~, which was consistent with their aver-
age concentrations (DOP=0.024 mg L', PP=
0.109 mg L', and PO3 =0.198 mg L") shown in
Table 1. Result indicated that leaching of PO3  into
the underlying groundwater from the spray field was
larger than those of the DOP and PP. This could happen
because there was more PO3  in the wastewater (http:/
www.lenntech.com/phosphorous-removal.htm).

Ton vs. land use

There were several data clusters for the major cations
under four different land uses (Fig. 4). For the septic
tank land use areas, the data were concentrated at the
bottom of the triangle. Among the three major cations,
Ca, Na, and Mg accounted, respectively, for 45-65, 20—
50, and 5-15 %. It is apparent that Ca was a dominant
cation in the groundwater beneath the septic tank land
uses. In contrast, Na was a dominant cation (accounting
for 50-90 %) in the groundwater beneath the undevel-
oped forest land, while Ca and Mg accounted for only
5-30 %. There was a data cluster for agricultural land,
where Na accounted for 50-70 %, Ca accounted for 20—
30 %, and Mg accounted for 10-20 %. Analogous to the
case of agricultural lands, a somewhat similar data clus-
ter was found for wastewater (spray field) land uses. The
higher percentages of Na in the groundwater beneath the
forest, agricultural, and wastewater land uses indicated
that the impact of these land uses on Na was minimal.

Among the three major anions used in this study, F~
accounted for <1 % of the total anions in the groundwa-
ter beneath the forest, wastewater, and agricultural lands
(Fig. 5). This was so because the mean concentrations of
Cl” and SO in the groundwater for these land uses
were three orders of magnitude higher than that of F
(Table 2). In contrast, the CI" and SO~ accounted,
respectively, for 15-100 and 0-85 % for wastewater
and forest land uses. These wide percentage ranges
indicated the uneven distributions of Cl” and SO in
the groundwater aquifer for these land uses. A
similar but somewhat narrow percentage range for
Cl” and SO was found in the groundwater be-
neath the agricultural lands.

Unlike the cases of forest, wastewater, and agricul-
tural land uses, there was a data cluster at the bottom of
the triangle (Fig. 5) for the septic tank land use. For this
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Fig. 3 Distribution of %P0O,4-D, %DOP, and %PP in the ground-
water under four different land uses

land use, F accounted for 20-50 %, Cl accounted for
45-65 %, and SO?{ accounted for 5-15 %. A relatively
high percentage range of F' in the groundwater beneath
the septic tank land use occurred because of the high F~
content in the tap water.

Table 2 showed that the mean concentration of C1™
was higher than that of SO3 ™ for the agricultural, waste-
water, and forest lands but was lower than that of SO~
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Fig. 4 Distribution of %Ca, %Mg, and %Na in the groundwater
under four different land uses
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Fig. 5 Distribution of %Cl, %SO,, and %F in the groundwater
under four different land uses

for the septic tank lands. A higher CI content in ground-
water could be the result of natural characteristics in the
study areas, which are very close to the estuarine envi-
ronment. Overall, the mean CI” and SO} concentra-
tions were about two to three order of magnitudes higher
than that of the F . Fluoride in the groundwater aquifer
was not a concern as its maximum concentration did not
exceed 1.5 mg/L, which is a drinking water standard
(WHO 1984).

Heavy metal vs. land use

Variations in percentage for the three major heavy
metals under four different land uses are shown in
Fig. 6. There were data clusters at the bottom angle on
the right for the wastewater and agricultural lands,
showing that As accounted for about 50-100 % of the
total major heavy metals used this study. This finding
could be confirmed by the mean concentrations of As
from the same land uses (Table 2). That is, the mean
concentrations of As were 5.56 and 4.23 mg/L, respec-
tively, for wastewater and agricultural lands, which were
much higher than those of forest and septic tank land
uses. Results indicated agricultural practices such as fer-
tilizer and pesticide applications and wastewater usages
could be a source of As contamination. For the septic
tank and forest lands, there were data scattering around
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Fig. 6 Distribution of %As, %Cd, and %Cr in the groundwater
under four different land uses

the triangle. Results indicated that impact of septic tank
and forest lands on groundwater As distribution was not
profound. There were very low mean As contents in the
groundwater beneath these land uses (Table 2). Figure 6
further revealed that there was a very low percentage of
Cd (0-10 %) for the wastewater and agricultural land
uses. This finding postulated that agricultural and waste-
water land uses were not a major source of Cd contam-
ination. In contrast, Cr had a wide range in percentage
change among all four different land uses. Therefore, the
impact of land uses on groundwater Cr was trivial.

Conclusions

This study was undertaken to evaluate the relationships
between groundwater quality and land use using trilin-
ear analysis. The outcome showed that the nitrogen in
the shallow groundwater beneath the septic tank land
use areas was mainly present in the form of NO,. This
occurred because septic systems discharge the greatest
total volume of wastewater directly into soils overlaying
the groundwater. In contrast, the nitrogen in the shallow
groundwater beneath the undeveloped forest lands was
mainly presented in the form of TON. This happened as
aresult of the decomposition of organic matter, which is
enriched in forest lands.

There were very low percentages of DOP and PO3
but high percentage of PP in the groundwater beneath
the septic tank land use areas. The low percentages of
DOP and PO;  in the groundwater occurred because
these dissolved phase P species were absorbed by soil
particles and precipitated through chemical reactions
with ions such as iron, aluminum, and calcium before
leaching into the underlying groundwater. Although the
reasons for the high percentage of PP in the groundwater
remain to be investigated, a possible explanation would
be more PP leaching into groundwater due to less ab-
sorption of the PP.

Unlike the case of septic tank lands, most of
the P data from the agricultural lands were scat-
tering in the triangle. Such wide ranges in percent-
age of the P species indicated that no discernible
impacts of agricultural lands on groundwater P
species distributions although the exact reasons
remain to be investigated. In general, leaching of
PO;  into the underlying groundwater from the
spray field (wastewater land use) was larger than
those of the DOP and PP. This could happen
because there was more PO} in the wastewater.

Ca was a dominant cation in the groundwater beneath
the septic tank land uses, whereas Na was a dominant
cation in the groundwater beneath the forest, agricultur-
al, and wastewater land uses. Among the three major
anions used in this study, F~ accounted for <1 % of the
total anions in the groundwater beneath the forest,
wastewater, and agricultural lands. These were wide
percentage ranges in C1~ and SO~ for forest, wastewa-
ter, and agricultural lands, indicating the uneven distri-
butions of these anions in the groundwater aquifer.
Unlike the cases of forest, wastewater, and agricultural
land uses, there was a relatively high percentage of F in
the groundwater beneath the septic tank land use due to
the high F content in the tap water.

Arsenic had high percentages among the three major
heavy metals from the wastewater and agricultural
lands. Impact of septic tank and forest lands on ground-
water As distribution was minimal. Furthermore, impact
of'the four land uses on groundwater Cr was trivial. This
study revealed that trilinear analysis is a useful tech-
nique to characterize the relationship between land use
and groundwater quality.

Trilinear plot is a useful tool to characterize water
quality constituents in surface and groundwater systems.
It can also be used for soil grain size and chemistry
analysis. However, if the water bodies with different
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total concentrations show identical percentage on the
diagram, it is difficult to distinguish various mecha-
nisms that may cause similar change in water chemistry
by trilinear plot. For these situations, other alternatives
such as cluster analysis, principal component analysis,
maximum likelihood, and conventional statistics should
be used for further estimations. For an elaborate de-
scription of the limitations on trilinear analysis, the
interested readers should consult the excellent re-
port published by Cheng (1988).
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