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Abstract
Aluminium has received great attention in the second half of the 20th century, mainly in the context of the acid rain
problem mostly in forest soils. In this research the eﬀect of land use and depth of the groundwater on Al, pH and
DOC concentration in groundwater under Dutch sandy soils has been studied. Both pH and DOC concentration play
a major role in the speciation of Al in solution. Furthermore, the equilibrium with mineral phases like gibbsite, amorphous
Al(OH)3 and imogolite, has been considered. Agricultural and natural land use were expected to have diﬀerent eﬀects on
the pH and DOC concentration, which in turn could inﬂuence the total Al concentration and the speciation of Al in
groundwater at diﬀerent depths (phreatic, shallow and deep). An extensive dataset (n = 2181) from the national and some
provincial monitoring networks on soil and groundwater quality was used. Land use type and groundwater depth did
inﬂuence the pH, and Al and DOC concentrations in groundwater samples. The Al concentration ranged from
<0.4 lmol L1 at pH > 7 to 1941 lmol L1 at pH < 4; highest Al concentrations were found for natural-phreatic groundwater. The DOC concentration decreased and the median pH increased with depth of the groundwater. Natural-phreatic
groundwater showed lower pH than the agricultural-phreatic groundwater. Highest DOC concentrations were found for
the agricultural-phreatic groundwater, induced by the application of organic fertilizers. Besides inorganic complexation,
the NICA-Donnan model was used to calculate Al3+ concentrations for complexation with DOC. Below pH 4.5 groundwater samples were mainly in disequilibrium with a mineral phase. This disequilibrium is considered to be the result of
kinetic constraints or equilibrium with organic matter. Log K values were derived by linear regression and were close to
theoretical values for Al(OH)3 minerals (e.g. gibbsite or amorphous Al(OH)3), except for natural-phreatic groundwater
for which lower log K values were found. Complexation of Al with DOC is shown to be an important factor for the Al
concentrations, especially at high DOC concentrations as was found for agricultural-phreatic groundwater.
 2007 Elsevier Ltd. All rights reserved.

1. Introduction
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Since the end of the 1970s, the chemistry of Al in
the environment has received great attention. Elevated Al concentrations are an important result of
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acidiﬁcation of forest soils (Cronan and Schoﬁeld,
1979; Ulrich et al., 1980; Johnson et al., 1981; David
and Driscoll, 1984; Mulder et al., 1989). Increased
Al concentrations can be toxic to aquatic biota
and terrestrial vegetation (David and Driscoll,
1984) and these increased Al concentrations could
therefore also be a potential risk for drinking water
production.
Dissolution of Al from the soil matrix plays an
important role in the buﬀering of acid deposition
on soils (Berggren et al., 1998). In previous research
the Al concentration in soil solutions and natural
waters has been assumed to be controlled by equilibrium with gibbsite or some other forms of
Al(OH)3 (Nordstrom and Ball, 1986; Gustafsson
et al., 2001). However, it has often been shown that
Al in soil solutions is frequently in disequilibrium
with Al(OH)3 as well as with many other Al-minerals, e.g. jurbanite (AlSO4OH) (Haag et al., 2001).
Other research has shown that Al concentrations
are controlled by complexation with soil organic
matter (Cronan et al., 1986; Mulder et al., 1989;
Walker et al., 1990; Berggren and Mulder, 1995;
Wesselink and Mulder, 1995). Wesselink et al.
(1996) concluded that organic matter controls Al
activity in soils by complexation, but both organic
matter complexation and kinetic controlled dissolution of inorganic Al will contribute to Al mobilization in soils. For example, Swiss forest soil samples
are close to saturation with respect to amorphous Al
hydroxides at pH > 5.5, but these soils show that
Al(OH)3 is a poor predictor for Al3+ activity in soil
below pH 5.5. Instead, the Al3+ activity is controlled by complexation with organic matter below
pH 5.5 (Graf Pannatier et al., 2004). Van Hees
et al. (2001) studied a large number of podzolic forest soils (Sweden) for their Al controlling mechanisms. The experimental results show that in the
pH-range 4.0–6.2 no equilibrium with any mineral
phase could explain the Al solubility in these soils
and that for modeling purposes organic complexation models are best used for these soil samples.
Besides Al(OH)3 minerals, other studied Al controlling phases are hydroxyl-Al interlayered 2:1
minerals (Dahlgren et al., 1989), imogolite or the
less ordered form proto-imogolite allophane
(Farmer et al., 1980), 1:1 aluminosilicate like poorly
crystalline kaolinite (Zysett et al., 1999) or feldspars
(Mol et al., 2003). These potential controlling mineral phases show a 1–3 relation between pAl3+
and pH, except for the hydroxyl-Al interlayered
2:1 minerals. In contrast, when Al concentration is

regulated by equilibrium with organic matter a
more or less 1–2 relation is found between pAl3+
and pH (Berggren and Mulder, 1995; Wesselink
et al., 1996; Skyllberg, 1999). Similar to the disequilibrium between Al-hydroxide minerals and soil
solutions, Al concentrations found in surface waters
are not in equilibrium with mineral phases. Sullivan
and Cosby (1998) found a relationship between pH
and pAl3+ of close to 2:1 for lake waters. This is in
contrast with the expected 3:1 relationship when the
Al concentration is controlled by Al(OH)3. Cronan
et al. (1986) concluded that Al-speciation in natural
waters is controlled by equilibrium with a solid
humic phase, instead of Al dissolution being kinetically constrained.
The Al chemistry of soil solutions and natural
waters is very important in the context of acidiﬁcation of aquifers. Several studies have been conducted
on the eﬀect of acidiﬁcation of speciﬁc aquifers
(Moss and Edmunds, 1992; Hansen and Postma,
1995; Kjøller et al., 2004) or the susceptibility of
aquifers to acidiﬁcation on national scales (Edmunds and Kinniburgh, 1986). The objective of this
research was to study the eﬀect of land use and
depth of the sampled groundwater on Al speciation
in groundwater under Dutch sandy soils. Here,
depth is an indication for residence time, with a
net discharge in the Netherlands of 250–
300 mm a1. An extensive dataset of the Dutch
groundwater and soil monitoring network (n =
2181), at a provincial and national scale was used.
The speciation of Al was calculated taking DOC
complexation into account. Furthermore, the relationship between pH and pAl3+ was studied for
the diﬀerent land use types and depths of the
groundwater by regression analysis. Finally, with
the log K values from the regression analysis the
total Al concentration was calculated as a function
of pH with and without taking DOC complexation
into account.
2. Materials and methods
2.1. Monitoring networks
The groundwater data originated from various
Dutch monitoring networks. A dataset was compiled on samples from sandy soils with agricultural
and natural land use, since these 2 groups are the
main land use types in the monitoring networks.
Only samples with measurements of pH, DOC and
Al were added to the dataset (n = 2181). First, the
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dataset was divided into 2 groups based on land use
(agricultural and natural). Furthermore both
groups were subdivided by the depth of the sampled
groundwater, phreatic (groundwater immediately
below groundwater table), shallow (<10 m) and
deep (>10 m). A schematization of the division of
the dataset is shown in Fig. 1. The data on phreatic
groundwater originated from the soil quality monitoring network Noord Brabant (Vander Grift et al.,
2004). The data on shallow and deep ground water
originated from national (Van Duijvenbooden
et al., 1985; Pebesma and De Kwaadsteniet, 1997)
and provincial groundwater quality networks. Van
der Grift et al. (2004) provide extended information
on the monitoring networks and their results. A
thorough description of the Dutch environmental
monitoring systems is given by Mol et al. (2001).
The division between phreatic groundwater on
one hand and shallow and deep groundwater on
the other hand is based on the way the samples were
taken. Phreatic groundwater was sampled for the
ﬁrst meter below the actual groundwater table in
an open borehole. Shallow groundwater was sampled from permanent monitoring wells which have
their well screen up to 10 m below surface, whereas
deep groundwater was sampled from permanent
monitoring wells which have their well screen
between 10 and 25 m below surface. All samples
were ﬁltered through 0.45 lm ﬁlters and analyzed
for elemental composition. Electrical conductivity
and pH were immediately measured in the ﬁeld.
Samples were analyzed for HCO3 by titration, for
Cl and SO4 by ion chromatography, for NO3 and

provincial monitoring networks
national monitoring network
soil / groundwater
samples: containing pH,
Al, DOC data; sandy
soils; determination
level Al < 10 µg/L

dataset

natural
landuse

natural-phreatic
natural-shallow
natural-deep

agricultural
landuse

D
E
P
T
H

agricultural-phreatic
agricultural-shallow
agricultural-deep

Fig. 1. Schematization of the division of the total dataset in
diﬀerent groups based on land use and depth of the groundwater.
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NH4 by auto-analyzer (AA3), for Al, Ca, Cu, Fe,
K, Na, Ni, Mg, P, Pb and Zn by ICP-MS and for
DOC by total organic carbon (TOC-500). The
groundwater dataset included the replication of
sampling over several years. The detection limits
varied because diﬀerent laboratories were involved
in the measurements. To exclude uncertainties in
measured Al concentrations, all measurements
below 10 lg/L were ruled out (568 of 2749 samples).
Data on shallow and deep groundwater were collected from 1990 to 1999 and data on phreatic
groundwater were collected from 2002 to 2005.
2.2. Data handling and modeling
After the division of the data into the 6 groups,
basic statistics were calculated per group. Furthermore, the relationship between the pAl3+ and pH
was studied per group after calculation of the Al3+
concentration for every measurement. DOC complexation and competition with other cations was
taken into account. The calculated concentrations
of Al3+ were plotted versus pH. Linear regression
was applied on the pAl3+ and pH data with SPSS
(version 12.0.1), with a calculated and ﬁxed slope.
The linear regression was repeated for samples with
pH > 4.5. Regression results were compared with
solubility constants of various Al-(hydr)oxides. In
addition, with the derived regression parameters
the eﬀect of DOC complexation on total dissolved
Al was shown.
The speciation calculations for Al were performed
with the chemical equilibrium program ECOSAT
(Keizer and Van Riemsdijk, 1998) using the measured solution composition (Al, DOC, Ca, Cu, Fe,
K, Mg, Mn, NH4, Na, Ni, Pb, Zn, Cl, HCO3,
NO3, PO4 and SO4). Complexation of cations with
DOC was described with the NICA-Donnan model
(Kinniburgh et al., 1999). The NICA-Donnan model
has been used with good results in previous studies
to describe metal complexation with DOC, e.g.
(Temminghoﬀ et al., 1997; Pinheiro et al., 2000; Oste
et al., 2002; Weng et al., 2002a; Ge et al., 2005; Unsworth et al., 2005). Weng et al. (2002b) showed for a
pH range between 3 and 7 that the NICA-Donnan
model can describe Al complexation to HA
reasonably well. For the studied pH range of the
groundwater it was assumed that speciﬁc binding
of hydrolyzed Al could be neglected.
The composition of DOC may vary for natural
water, soil solution and groundwater. Since the exact
composition of DOC was not known, assumptions
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Table 1
Stability constants for Al-containing minerals used in this study and other constants found in literature at T = 298 K
Equilibrium reaction

log K

Solubility constants used in this study (Fig. 4)
Al(OH)3 (s) + 3H+ M Al3+ + 3H2O
Amorphous Al(OH)3 281 Ka
Gibbsite 281 Kb

10.78
9.40

Other reported solubility constants
Amorphous AlðOHÞ3 d
Amorphous AlðOHÞ3 e
Gibbsited
Gibbsite (crystalline)f
Gibbsite (synthetic)e
Gibbsite (natural)e
Gibbsite (microcrystalline)e
Gibbsiteb
Imogolitec
Proto-imogolite solg
Kaolinited
Kaoliniteh

9.66
10.80
8.04
7.74
8.11
8.77
9.35
8.29
6.05
7.02
5.45
7.44

a
b
c
d
e
f
g
h

Al(OH)3 (s) + 3H+ M Al3+ + 3H2O

0.5(OH)3Al2O3SiOH (s) + 3H+ M Al3+ + 0.5H4 SiO04 + 1.5H2O
0.5(HO)3Al2O3SiOH (s) + 3H+ M Al3+ + 0.5H4 SiO04 + 1.5H2O
Al2SiO5(OH) + 6H+ M 2Al3+ + 2H4 SiO04 + H2O

(Farmer, 1999).
(Gustafsson et al., 1998).
(Gustafsson et al., 2001).
(Lindsay, 1979).
(Johnson et al., 1981).
(Palmer and Wesolowski, 1992).
(Lumsdon and Farmer, 1995).
(Stumm and Morgan, 1996).

had to be made about this composition. Assumptions in previous research vary from 100% FA
(Christensen et al., 1999) to 50% FA and 50% inert
(Lofts and Tipping, 2000; Tye et al., 2004; Guthrie
et al., 2005). A DOC composition of 65% FA and
35% inert that has been used in several previous
studies was chosen (Bryan et al., 2002; Weng et al.,
2002a; Tipping et al., 2003; Ge et al., 2005; Guthrie
et al., 2005). Low molecular weight organic acids
(LMWOAs) could also play an important role in
Al complexation, especially in organic and eluvial
horizons of non-acidiﬁed podzolized soils. About
20–40% of Al can be complexed by these small
LMWOAs. However, in this research, the
LMWOAs are assumed to play a minor role since
LMWOAs are not commonly present at greater
depth (Holmström et al., 2005).
The K-values used to calculate the solubility of
gibbsite and amorphous Al(OH)3 are shown in
Table 1, as well as other reported solubility constants for Al minerals. Temperature has a signiﬁcant
eﬀect on the K-values for these Al(OH)3 forms:
Gustafsson et al. (1998) found a value for log K
for gibbsite of 9.40 at 281 K whereas Lindsay
(1979) reported a value of log K for gibbsite of
8.04 at 298 K. Also for amorphous Al(OH)3 the

log K value increased when temperature decreased
(9.66 at 298 K (Lindsay, 1979) and 10.78 at 281 K
(Farmer, 1999)). The temperature of Dutch groundwater is 283 K on a yearly average therefore a log K
value of 9.4 for gibbsite and 10.78 for amorphous
Al(OH)3 (281 K) were more suited for the studied
groundwater data.
3. Results
In Table 2 median, 25 and 75 percentiles, minimum and maximum values are given for pH, Al
concentration and DOC concentration. Results are
shown for all 6 land use-groundwater combinations.
The median of the groundwater pH increased with
depth for each land use type, indicating that pH
of the groundwater is buﬀered by the soil. For shallow and deep groundwater no diﬀerence existed in
the median pH between the 2 land use types. However, the phreatic groundwater shows a clear diﬀerence in the median pH (>1 pH unit) between natural
(4.25) and agricultural (5.46) land, which can be
explained by the acidiﬁcation of soils under natural
vegetation and the adjustment of pH of agricultural
sandy soils by liming. The range of the pH is larger
for the deepest groundwater, ranging from 2.9 to
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Table 2
Statistics (number of data points, median, 25% and 75% percentile, minimum and maximum) of the observed concentrations (pH, total Al
concentration and DOC concentration) per group
n

Agri-phrea
311

Nat-phrea
151

Agri-shallow
801

Nat-shallow
271

Agri-deep
463

Nat-deep
184

pH

Median
25% Percentile
75% Percentile
Minimum
Maximum

5.46
4.90
5.97
3.55
6.96

4.25
4.15
4.48
3.68
6.56

5.70
5.03
6.39
2.80
7.90

5.60
4.85
6.50
3.10
7.96

6.10
5.64
6.74
2.90
8.05

5.89
5.50
6.62
3.34
8.50

Al-total (lmol L1)

Median
25% Percentile
75% Percentile
Minimum
Maximum

27
9.4
49
0.4a
263

230
77
430
1.9a
1941

4.8
1.3
30
0.4a
295

6.7
1.7
45
0.4a
546

1.6
0.8
3.5
0.4a
641

1.4
0.8
4.1
0.4a
587

DOC (mg L1)

Median
25% Percentile
75% Percentile
Minimum
Maximum

24.3
13.8
38.2
2.5
88.6

5.4
3.5
9.3
0.8
33.0

5.2
2.7
9.5
0.0
57.0

2.7
1.8
4.7
0.0
50.0

2.6
1.4
4.6
0.0
121.0

1.8
1.1
3.2
0.0
18.1

Agri-phrea = agricultural-phreatic, nat-phrea = natural-phreatic, agri-shallow = agricultural-shallow, nat-shallow = natural-shallow,
agri-deep = agricultural-deep, and nat-deep = natural-deep.
a
Detection limit of Al set at 10 lg L1.

8.5. This implies that acidiﬁcation of deeper groundwater and high Al concentrations could be expected.
Because of the direct relation between Al3+ and pH,
the natural-phreatic groundwater with a low median
pH showed a higher median for Al than the other
groups. The median of the Al concentration seemed
to decrease with the depth of the groundwater
(phreatic > shallow > deep). In addition, for shallow and deep groundwater no signiﬁcant diﬀerence
was found for Al concentration between the land
use types. The highest DOC concentration was
found for the agricultural-phreatic groundwater,
which is even higher than the 75-percentiles of the
other groups. For each groundwater depth, the
median DOC concentration for agricultural land
was higher than for natural land, even though the
diﬀerence was rather small for the shallow and deep
groundwater.
In Fig. 2 the measured total Al concentrations
are plotted versus the pH and also the Dutch drinking water limit (VROM, 2001) is shown in the
graphs. Most groundwater groups showed a big
cloud of data points for the measured pH range,
except the natural-phreatic group. For this group,
most measurements were in the range between pH
3.5 and 4.5, and measured Al concentration showed
a correlation with the pH in this range. This relationship is lacking for the other groups.

The Al concentration also depends on the DOC
concentration and therefore the DOC concentrations are given in Fig. 3 versus the pH for all 6
groundwater groups. No correlation between
DOC and pH was found. For all groups the 95%
upper limit is shown (sum of the mean and twice
the standard deviation). Highest DOC concentrations (61.4 mg L1) were found for the agricultural-phreatic group. Lowest DOC (6.8 mg L1)
was found for the natural-deep group over the
entire measured pH range. For the other groups
the 95% upper limit was around 20 mg C l1.
The calculated pAl3+ by taking pH and DOC
complexation into account, showed a good linear
correlation with the pH (Fig. 4) and for most groups
it perfectly matched the 1:3 relationship between
pAl3+ and pH (at pH > 4.5) that is shown by the
mineral equilibrium lines in Fig. 4. Most calculated
data were close to equilibrium for gibbsite. Below
pH 4.5 several measurements deviated from the 1
to 3 relationship (Fig. 4a, c–f). The relationship
between pH and Al3+ was studied by linear regression on the data as plotted in Fig. 4. The regression
was performed with a variable slope and a ﬁxed
slope of 3 for all measurements per group (Table
3a). Linear regression for this total dataset resulted
in slopes from 2.10 to 2.69 and log K values from
4.61 to 7.24. For natural-phreatic groundwater a
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Fig. 2. Relationship between total Al (pAl) and pH (data points •); (a) agricultural-phreatic; (b) natural-phreatic; (c) agricultural-shallow;
(d) natural-shallow; (e) agricultural-deep; and (f) natural-deep; equilibrium line between pAl3+ and pH for gibbsite (- - -) and the Dutch
drinking water limit for Al (VROM, 2001) (——) are plotted.

log K value of 4.84 and slope of 2.10 were found,
indicating that no equilibrium with a mineral phase
existed. Instead, Al concentrations in this group
were assumed to be determined mainly by equilibrium with the organic phase. Other research (e.g.,
Berggren and Mulder, 1995; Wesselink et al.,
1996; Skyllberg, 1999) has shown that equilibrium
with the organic phase resulted in a slope around
2, which is in agreement with the value found for
the natural-phreatic group. For the agriculturaldeep group also a low log K value and slope were

found. Since this group showed a broad pH range
(2.90–8.05), these regression results were thought
to result from disequilibrium below pH 4.5. Since
most groups show this disequilibrium with mineral
phases below pH 4.5, leaving out the measurements
below pH 4.5 lead to a better correlation (Table 3b).
Regression analysis for pH > 4.5 was not performed
for the natural-phreatic group, because the majority
of the measurements lie below pH 4.5. The pAl3+
pH relations found in Table 3b (ﬁxed and variable
slope) are plotted in Fig. 4. Regression on the data
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Fig. 3. DOC (mg/L) concentration versus pH shown for each groundwater group; —— shows the 95% upper limit of the DOC
concentration (mean + 2 · SD.); (a) agricultural-phreatic (61.4 mg C/L); (b) natural-phreatic (20.9 mg C/L); (c) agricultural-shallow
(23.1 mg C/L); (d) natural-shallow (14.1 mg C/L); (e) agricultural-deep (21.5 mg C/L); and (f) natural-deep (6.8 mg C/L).

above pH 4.5 (Table 3b) showed very good correlation (R2 0.926–0.977) for ﬁeld data sets. Calculated
slopes were close to 3 suggesting equilibrium with a
mineral Al(OH)3 phase. Lowest slopes and log K
values were found for the deepest groundwater.
Land use type did not inﬂuence the log K and slope,
except for the earlier mentioned natural-phreatic
group. Derived log K values (ﬁxed slope) were close
to the theoretical equilibrium constant of gibbsite
(9.40 at 281 K, Table 1) with satisfactory correlation
coeﬃcients.

In Fig. 5 the eﬀect of DOC complexation on total
Al concentration is shown for the agricultural-phreatic group (high DOC) and natural-deep group (low
DOC). Equilibrium concentrations are shown for
the situation with and without DOC complexation.
These equilibrium Al concentrations were
calculated with derived log K values from Table 3b
(slope = 3) and plotted as a function of the pH
(Weng et al., 2002b). The DOC concentration was
set at the 95% upper limit that was shown in
Fig. 3. The upper curve represents the model
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Fig. 4. Relationship between calculated p(Al3+) and pH; data points are shown by circles •. Equilibrium lines are plotted for gibbsite
281 K (——), amorphous Al(OH)3 281 K (– – –). Regression lines from Table 3b (except for natural-phreatic regression lines from Table
3a) are also shown (variable slope (——) and slope = 3 (– – –)); (a) agricultural-phreatic; (b) natural-phreatic; (c) agricultural-shallow;
(d) natural-shallow; (e) agricultural-deep; and (f) natural-deep.

calculation for mineral equilibrium in the absence of
DOC. At pH between 4.5 and 8 the DOC complexation did have a signiﬁcant eﬀect on the calculated
Al concentration for the agricultural-phreatic
groups, whereas this eﬀect is much smaller for the
natural-deep group with lower DOC concentrations. For the agricultural-phreatic group the diﬀerence between the Al concentration with and without
DOC complexation is about a factor 10 on the Al
concentration at pH 5.5.

4. Discussion
The largest diﬀerences for Al and DOC occur
in the phreatic groups. In this most shallow
groundwater, the eﬀect of land use on the studied
parameters is the largest. The land use eﬀects disappeared during transport further down in the
soil. The buﬀering capacity of the soil for pH
and Al concentration seemed to be large enough
and DOC mineralization also continued. However,
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Table 3a
Results of regression between pH and pAl3+ for the diﬀerent groundwater groups
Linear regression

Regression slope = 3

log K

Slope

R2

log K

R2

Agricultural-phreatic
Natural-phreatic

7.06 (0.35)
4.84 (0.22)

2.60 (0.06)
2.10 (0.05)

0.846
0.921

9.25 (0.04)
8.79 (0.05)

0.826
0.754

Agricultural-shallow
Natural-shallow

7.21 (0.18)
7.24 (0.27)

2.69 (0.03)
2.69 (0.05)

0.904
0.924

9.01 (0.03)
9.01 (0.05)

0.892
0.912

Agricultural-deep
Natural-deep

4.61 (0.25)
6.06 (0.31)

2.31 (0.04)
2.54 (0.05)

0.873
0.930

8.85 (0.04)
8.84 (0.05)

0.794
0.898

Linear regression and regression with a ﬁxed slope of 3; log (Al3+) = log K  slope · pH; standard deviation between parenthesis.

Table 3b
Results of regression between pH and pAl3+ for the diﬀerent groundwater groups for samples with pH P 4.5
Linear regression

Regression slope = 3

log K

Slope

R2

log K

R2

Agricultural-phreatic
Natural-phreatic

8.39 (0.38)
–

2.83 (0.07)
–

0.926
–

9.34 (0.04)
–

0.855
–

Agricultural-shallow
Natural-shallow

9.18 (0.16)
9.13 (0.26)

3.00 (0.03)
2.99 (0.04)

0.973
0.977

9.15 (0.02)
9.20 (0.04)

0.947
0.955

Agricultural-deep
Natural-deep

7.41 (0.20)
7.43 (0.30)

2.75 (0.03)
2.75 (0.05)

0.970
0.975

9.00 (0.02)
8.95 (0.04)

0.934
0.943

Linear regression and regression with a ﬁxed slope of 3; log (Al3+) = log K  slope · pH; standard deviation between parenthesis.

the deep groundwater also showed low pH levels
and related high Al concentrations. This indicated
that acidiﬁcation of groundwater does happen in
Dutch sandy soils. Relating these high Al concentrations to the Dutch drinking water regulation
(VROM, 2001) (0.2 mg Al L1), it was shown that
this limit was exceeded in a several samples
(Fig. 2). Phreatic groundwater showed Al concentrations that were for a large part above the drinking water limit. Although this eﬀect diminished
further downwards, the deepest groundwater also
showed several measurements above or close to
this limit. Serious attention should be paid to Al
concentrations in groundwater from sandy soils,
when this groundwater is to be used for drinking
water.
The calculated 95% upper limit of DOC (Fig. 3)
was remarkably high for the agricultural-phreatic
group, which was already indicated by the median
of the DOC concentration (Table 2). Agricultural
land use aﬀected the phreatic groundwater resulting in high DOC concentrations. These high
DOC concentrations could be explained by the
application of organic fertilizers and these high
concentrations were pronounced closest to the soil
surface. In contrast, the natural-deep groundwater

had the lowest DOC 95% upper limit of all
groups. Increased residence time, shown here by
the depth of the groundwater, resulted in
decreased DOC concentration. During transport
through the soil, DOC could have been mineralized or bound to mineral surfaces.
Calculated Al3+ showed a strong linear correlation with pH. The complexation of Al by DOC
varied between 1% and 99% depending on pH
and total DOC concentration of the measurements. Highest complexation of Al was found
for the phreatic and shallow groundwater for both
agricultural and natural land use. This variation in
the amount of complexed Al emphasized the
importance of taking complexation with DOC into
account when studying Al chemistry of groundwater samples.
Below pH 4.5 some samples were undersaturated for the 3 Al-phases considered in Fig. 4. Previous research has also shown a deviation from
the 1:3 relationship between pAl3+ and pH at
low pH (<4.5). Adams (2000) explained this deviation in soil solutions as the result of equilibrium
with an organic phase instead of a mineral phase.
However, it might be expected that groundwater
(deep) is not in equilibrium with an organic phase
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derived in Table 3b (ﬁxed slope). Using this log K
value implies that equilibrium exists with an
Al(hydr)oxide with a log K value derived for a speciﬁc groundwater group. At higher pH (5–8) the calculated Al concentration without DOC can be
almost more than a factor of 10 lower than with
DOC. The graphs also show that this calculated
Al concentrations due to DOC were close to the
drinking water limit. Since the DOC concentrations
decrease with increasing groundwater depth, the
inﬂuence of DOC complexation on total Al concentrations in groundwater is reduced with increasing
groundwater depth.
5. Conclusions
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Fig. 5. Eﬀect of DOC complexation on total dissolved Al in
equilibrium with an Al(OH)3 mineral phase with a log K derived
from regression of Table 3b (slope = 3). Results are shown for the
two extremes, viz. (a) agricultural-phreatic and (b) natural-deep.
Total Al in solution (pAl) plotted versus pH with (– – –) and
without (——) of DOC complexation (used DOC concentrations
see text and Fig. 3); the Dutch drinking water limit for Al
(VROM, 2001) (——) is also plotted.

because sandy aquifer sediments were mainly low
in organic matter and that organic matter is often
less reactive (Hartog et al., 2002). Studies on natural waters (Neal, 1988; Haag et al., 2001) have
shown that this deviation is the result of equilibrium with other mineral phases, e.g. AlSO4OH,
but minerals like imogolite (Farmer et al., 1980)
or kaolinite (Zysett et al., 1999) could also determine the Al concentration in podzols. Nevertheless, the authors could not ﬁnd a mineral phase
which explained the Al3+ activity at low pH.
Therefore, the conclusion was reached that the
deviating pAl3+ was the result of kinetic constraints of dissolution of Al containing minerals.
The agricultural-phreatic group also showed the
same disequilibrium with the studied mineral
phases at a pH around 6.
The importance to take DOC complexation into
account follows also from Fig. 5. Equilibrium Al
concentration was calculated with log K values

Land use type and depth of the groundwater
did aﬀect the pH, Al concentration and DOC concentration in groundwater under Dutch sandy
soils. The median pH increased gradually with
the depth of the groundwater, because during
transport the groundwater is buﬀered by the soil.
The natural-phreatic groundwater showed a relatively low pH, which was also responsible for the
very high Al concentrations in the groundwater.
DOC concentrations showed increased Al levels
for the agricultural-phreatic groundwater that
resulted from the application of organic fertilizers
on agricultural soils. The relationship between
pAl3+ and pH showed that the majority of the
groundwater samples under sandy soils were in
equilibrium with a mineral Al(OH)3 phase at
pH > 4.5. Below pH 4.5 the groundwater samples
were mainly in disequilibrium with a mineral
phase as a result of kinetic constraints or equilibrium with the organic phase. Equilibrium calculation of the total Al concentration with derived
log K values in the presence and absence of DOC
showed the importance of DOC complexation.
This complexation is mainly important for the
agricultural-phreatic groundwater. Agriculturalphreatic groundwater showed the highest DOC
concentrations, whereas the lower DOC concentration in deeper layers resulted in smaller eﬀects on
total Al concentration.
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