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Stellingen

Hoge bomen vangen niet aleen veel wind.
dit proefschrift.

Het definiéren van bodemverzuring als een verlaging van pH en
basenverzadiging leidt tot de onjuiste conclusie dat veel zandgronden
ongevoelig ziin voor ‘zure regen’.

L Wiklander. 1974. Grundforbattring 26:155-164.

B.W. Bache. 1980. In T.C. Hutchinson & M. Havas. Effects of acid precipitation on
terrestrial ecosystems. Plenum, New York, p. 569-572.

Een verlaging van de pH in de Nederlandse zandgronden wordt bij
ongewijzigde zuurdepositie slechts gedurende enkele decennia afgeremd

door het oplossen van de beperkte voorraad secundair aluminium.
dit proefschrift.

'Zure regen’ feidt tot een ingrijpende verandering van de bodemvorming in de
Nederlandse zandgronden.
dit proefschrift.

In tegenstelling tot de goed onderzochte en gedocumenteerde aluminium
toxiciteit bij landbouwgewassen is het effect van aluminium op
bosecosystemen slechts in beperkte mate bestudeerd an vertoont de

literatuur veel tegenstrijdigheden.
F. Andersson & J.M. Kelly {eds}). 1984. Aluminum toxicity to trees. Dept. Ecology
Env. Res., Swedish Univ. Agric. Sci., Uppsala

in verband met de versterkte uitspoeling van organische en anorganische
verontreinigingen naar het grondwater is een regelmatige controle van de
waterkwaliteit van ondiep gewonnen drinkwater, met name uit privé puiten,
gewenst.

Een groter deel van ons zuur verdiende nationaal inkomen zou moeten
worden aangewend voor een effectiove bescherming van het leefmilieu.




10.

11.
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14.

Dat de mens het meer dan honderd jaar na het verschijnen van de eerste
publicaties over 'zure regen’ niet veel verder heeft kunnen brengen dan het
verhogen van de schoorstenen stemt tot scepsis t.a.v. een snelle realisatie
van een afdoend milieubeleid.

Stabiliteitsdiagrammen met afhankelijke assen resulteren in een bepaalde
ordening van de gegevens, zelfs als die gegevens randem zijn. Gebruik
van dergelijke diagrammen kan aanleiding geven tot misleidende
conclusies omtrent de regulering van de aluminium activiteit.

C. Neil et al. 1987. Earth and Planetary Science Letters 86:105-112.

De vorming van jurbaniet (AIOHSQO4.5H20) in aan 'zure regen’ blootgestelds
bosbodems is hypathetisch, en is nooit via mineralogische analyse

aangetoond.
J. Prenzel. 1983. Gottinger Bodenk. Ber. 72:1-113.
G T. Weaver et al. 1985 Soil Sci. Soc. Am. J. 49:746-750.
P.K. Khanna et al. 1987. Soll Scl. Soc. Am. J. 51:446-452.

De silicium flux in de bodem, als maat voor de silicaat verwering, moet

worden gecorrigeerd voor het aandeel van de biocyclus.
F. Bartoli. 1986. Sci. Géol. Bull. 39:195-209.

De stelling van het Kabinet Lubbers Il dat het verhogen van de maximum
snelheid op de Nederlandse autosnelwegen naar 120 km/uur positief
uitwerkt op het milieu ts niet te verdedigen.

Gezamenlijke koffie- en theepauzes hebben een positief effect op de sociale
contacten binnen een afdeling en moeten worden gestimuleerd.

De voorgenomen verdere integratie van Europa in 1992 geeft op dit moment
nog slechts een grenzeloze verwarring.

Proefschrift van J. Mulder

Impact of acid atmospheric deposition on soils: Field monitoring and aluminum chemistry
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ABSTRACT

Muider, J., 1988. Impact of acid atmospheric depositicn on soils: Field
monitoring and aluminum chemistry. Doctoral thesis. Agricultural University,
Wageningen, The Netherlands.

The effect of acid atmospheric deposition on concentrations and transfer of
major solutes in acid, sandy soils was studied. Emphasis was given to
mohbilization and transport of potentially toxic aluminum. Data on solute
concentrations and fluxes in meteoric water as well as soil solutions were
obtained from intensive monitoring programmes conducted at a number of sites
in northwestern Europe and North-America. Specific hypotheses were tested in
laboratory experiments.

Atmospheric acid inputs dominated tetal acid loads in nearly all soils studied.
This was particularly true for forest soils in the Netherlands, due to an extreme
dry deposition of (NH4)2804 in the forest canopy. Input of (NH4)2804 may acidify
the soil, due to NH4 assimilation, or nitrification of NHa and subsequent leaching
of NOa.

In soils rich in weatherable minerals, mobilization of base cations dominated
acid neutralization, so that percolation water was buffered at relatively high pH
values and the mobility of aluminum was low. In these soils the mobilization and
transport of aluminum was mainly driven by organic acids, which is consistent
with the podzolization theory. However, in soils depleted in weatherable minerals
(e.g. most of the acid, sandy sails in the Netherlands), mabilization rates of base
cations were too low for a substantial neutralization of atmospheric acidity, so
that pH values of the percolation water were often low enough to cause a
significant mobilization of aluminum. In these soils the atmospherically derived
strong acid load was almost fully neutralized by aluminum dissolution. Much of
this dissclved inorganic aluminum is currently lost to the groundwater.

Although aluminum is abundant in soils only a minor fraction, largely
consisting of non-silicate organically bound aluminum, formed in the course of
soil development {podzolization), was readily dissolved. The current rapid and
irreversible depletion of this fraction in many acid, sandy sails of the Netherlands
constitutes a drastic change in soil genesis. Depletion may eventually also result
in reduced acid neutralization, due to decreased dissolution of aluminum.

The aluminum solubility control varied with soil depth. Surface soil solutions
were highly undersaturated with respect to gibbsite solubility, whereas saturation
was approached in the subsoil. Possibly, the low aluminum solubility in the
surface soil was controlled by an exchange type equilibrium with organic soil
aluminum. Insight in the aluminum solubility contrcl in soils is not only relevant
for improving our understanding of the aluminum chemistry in soils per se, but
it may also help explaining the aluminum chemistry of surface water in
mountainous catchments, where soif solutions may reach the stream via different
flowpaths through the soil, depending on hydrological conditions.

Additional index words: biogeochemistry, (NH4)2S04 cdeposition, Nitrogen
transformations, nitrification, chemical budget, free aluminum, pedogenesis,
podzol, podzolization, flowpath, catchment.
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Chapter 1
GENERAL INTRODUCTION

1.1 Background

‘Acid rain’ has been a major environmental concern in Europe and
North-America for over a decade and has received considerable attention also
from the public (e.g., Time, 1982: 'Acid Rain - The silent plague’; Der Spiegel,
1981: 'Saurer Regen uber Deutschland - Der Wald stirbt’). The term "acid rain’
originally referred to precipitation water with pH 5.6. The reference pH 5.6 is
obtained, when equilibrating distilled water with atmospheric CO». A decrease
below the reference pH is caused by the dissolution and oxidation of
atmospheric acidic compounds (e.g., S0z, NOy) in metearic water {Likens et al.,
1979).

Atmospheric acidic compounds originate from natura! and from
anthropogenic sources. Natural sources include volcanic emenations as well as
volatilization of marine and terrestrial biogenic S and N. The burning of fossil
fuels is the major anthropogenic source. Particularly, in the industrialized parts
of Europe and North-America anthropogenic sources dominate the emission of
NOx and SOz (OECD, 1977).

Besides the acidity dissolved in precipitation water (‘'wet deposition’), the
deposition of atmospheric acidic compounds also proceeds ina’dry’ (gasseous
or particulate) form (Ulrich et al., 1979). So, total acid atmospheric deposition is
more than that in wet precipitation alone. Therefore, the expression ’acid rain’,
although formally restricted to wet deposition, is generally used for wet plus dry
deposition of acidifying substances. Particularly forests appear to be effective
scavengers of dry depaosition {Ulrich et al., 1979).

In areas with intensive animal husbandry, dry deposition of NH3, may also
increase the soil's acid load, as was shown by van Breemen et al,, (1982).
Ammonia, although a neutralizing compound in itself, may cause strong soil
acidification after nitrification and subsequent leaching of NO3 (van Breemen et
al., 1987).

Current atmospheric acid loads show strong regional differences. Rates vary
from 1.5 - 2 kmol ha™ yr'1 in northeastern North-America and Scandinavia, to 3
-6 kmol ha™! yr'1 in Germany and the Netherlands (van Breemen et al., 1984).

The impact of anthropogenically derived strong acid on the acidification of
soils and water has been a major topic in recent years. Rosengvist (1977) as




well as Krug and Frink (1983) argued that scil acidification in temperate regions
is primarily caused by natural processes of soil development. These authars
attributed the currently observed environmental acidification to a changing
land-use (a large scale regrowth of temperate forests on former agricuitural land)
resulting in increasingly acidic and thicker forest floors. Because the
atmospherically derived acidity is small relative to the vast amounts of acids
already present in the soil, these authors assumed that "acid rain’ could not be
a major contribution to the acidification of soils and water. However, this
assumption is based on a misconception, because the influx of mobile strong
acids are compared with the stores of exchangeable and immobile wealk acids,
which primarily reside in the forest floor. Van Breemen et al. {(1984) showed that
only little of the large pools of this 'natural’ organic acidity is released to the
infiltration water {i.e. by solubilization of organic acids, or by exchange of H * for
base cations originating from the atmosphere), and are irrelevant to the proton
loading of scits and waters under ambient conditions. In contrast,
anthropogenically derived acidity was shown to dominate the acidification of
most mineral scils and waters of nertwestern Eurcpe and northeastern
North-America (van Breemen et al. 1984).

Cronan and Schofield (1979), Johnson (1979), and Ulrich et al. (1979) were
among the first to suggest the importance of aluminum mobilization as a
mechanism of strong acid neutralization in mineral scils depleted in base cations.
Van Breemen et al. (1984), after evaluating a large number of input-output
studies, concluded that aluminum mobilization increases with ihcreasing load of
strong mineral acids. However, this was disputed by Krug and Frink (1983), who
hypothesized that the mobility of aluminum in soil solutions and surface waters
is primarily governed by the 'natural’ {weak organic plus exchangeable) acidity
of the soil and is not affected by the refatively minor influx of atmospheric strong
acids.

It is well established that aluminum is toxic to aquatic organisms {(Cronan and
Schofield, 1979; Baker and Schofield, 1980; Hall et al., 1984). Elevated levels of
Al in soil solutions may also cause toxicity to crop roots (Wright et al., 1987}, and
has been associated with forest die-back (Ulrich et al., 1980; Vogelman, 1982).
Aluminum has also been related to the occurrence of Alzheimer's disease,
because abnormally high levels of aluminum were found in the diseased regions
of the patients’ brains (New Scientist, 27 February 1986). One major pathway of
aluminum intake by human beings is the consumption of acidified groundwater,
enriched in aluminum. So, the suggested increased mobility of aluminum in soils
and water, due to "acid rain’ may have significant negative consequences for
the functioning of many organisms including hurans.




1.2 Aim of the research

In this research emphasis was given to the aluminum chemistry of acid, sandy
soils (i) because insight in the dissolution and transfer of aluminum is probably
crucial for our understanding of the impact of acid rain on the acidification of soil
and water, and {ji) because aluminum may play a key role in the various toxicity
problems associated with "acid rain’.

Therefore, the intent of this study was to evaluate the impact of acidic
atmospheric depesition on the in situ chemistry and transport of aluminum in a
number of soil types, occurring in northwestern Europe and northeastern
North-America. As a part of this study we evaluated the aluminum chemistry of
similar sandy soils, which differed strongly in total acid load. Particular attention
was given to induced changes in pedogenesis, and how these changes could
affect the long term aluminum chemistry of the investigated soils.

This thesis is one of two with the common title: 'Impact of acid atmospheric
deposition on soils’. The second thesis (‘Quantification of chemical and
hydrologic processes'), written by Hans van Grinsven, deals with unsaturated
hydrology, kinetics of mineral weathering, and computer simulation of processes
involved in soil acidification. The studies underlying both theses were conducted
within the framework of the research project on the effects of acid atmospheric
deposition on soils and water, under the guidance of Prof. Dr. N. van Breemen,
Department of Soil Science and Geology, Agricultural University, Wageningen,
the Netherlands.

1.3 Outline of this thesis

In chapter 2 we evaluate the chemistry and transport of aluminum in
spodosols, developed in glacial tills at the Hubbard Brock Experimental Forest
{New Hampshire, USA). Hubbard Brook soils {i} are relatively rich in weatherable
minerals, (i} have modest atmospheric acid loads, and (jii) have a relatively high
pH of infiltration water (pH 4), due to the modest acid load and to the small
evaporative concentration. Earlier studies on Hubbard Brook streamwater
suggested that mobilization and transport of aluminum is dominated by organic
acids, and that atmospherically derived acidity is largely neutralized by the
mobilization of base cations.

In contrast to the Hubbard Brook site the atmospheric acid lcads in the
Netherlands are extremely high. In chapter 3 we discuss the impact of the



atmospheric acidity on the aluminum chemistry of three sandy to loamy soils,
developed in alluvial deposits at the Hackfort Estate in the Netherlands. Major
attention is given to the transfer and the solubility control of aluminum in varicus
s0il horizons,

In chapter 4 we evaluate the role of a forest cover in increasing the total
atmospheric acid load via dry deposition of NH3. The study was conducted in
the Netherlands at a forested and an adjacent bare driftsand more than 5 km
from the nearest intensively managed farmland. In addition we discuss the major
chemical processes in both soils, including nitrogen transformation and
mobilization of aluminum. In the forest soil we also studied the importance of
anthropogenically derived acidity relative to natural acid sources.

In chapter 5 mohilization and transport of aluminum in spodosals, developed
in coversands depleted in base cations, in the Netherlands are compared with
the chemistry of aluminum in spodosols, developed in richer glacial tills, in New
Hampshire. Apart from the difference in parent materials in the Netherlands and
New Hampshire, acid loads are also different, and significantly higher in the
Netherlands. Particular attention is given to the effect of strong acids on current
soil development.

The importance of atmospherically derived strong mineral acids in increasing
the mobility of Al in representative sandy forest soils in the Netherlands (podzols
on coversands, and driftsands) is evaluated in chapter 6. The study was
conducted at six sites differing in acid load, but with similar sandy soils
{developed in coversands, driftsands, and fluvio-glacial sands). One site (in
Denmark) was considered to be a ‘reference’ plot with a relatively small acid
input. Sites were selected such that a range of atmospheric acid loads was
created.

In chapter 7 we evaluate a laboratory experiment where we studied the
sources of dissolved aluminum. This research was conducted to get more
insight in pool sizes of the most soluble forms of solid phase aluminum, and to
relate the pool size to current mobilization rates. In addition we investigated
possible relationships between dissolved aluminum concentrations and the
contents of various forms of solid phase aluminum.

In chapter 8 we evaluate the relationship between the aluminum solubility
controls in soils and streamwater in the Birkenes catchment (Norway). Earlier
studies suggested that the variability of the aluminum solubility control with
discharge in Birkenes streamwater may be related to variable water flowpaths
in the soil. We hypothesized that different water flowpaths are characterized by
different aluminum solubility controls. This research should improve our




understanding of the streamwater aluminum chemistry, particularly during high
flow conditions.
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Chapter 2

ALUMINUM CHEMISTRY IN A FORESTED
SPODOSOL, NEW HAMPSHIRE, USA

ABSTRACT

The Al chemistry of seeps, soil solutions and soils was evaluated at the
Hubbard Brook Experimental Forest in New Hampshire. Alumino-organic
substances predominated in solutions and in the free Al fraction of soils.
Concentrations of both organic and inorganic forms of Al were highest at the
higher elevations. The extent of spodosol development was consistent with
these observations, suggesting the rate of spodosolization is greatest at high
elevations in the watershed. We also observed high levels of organic Al entering
the mineral soif from the forest floor. Moreover, the historical rate of Al deposition
within thre mineral soil far exceeds the current rate of organic Al precipitation
from soif sofutions. Processes such as vegetation turnover and windthrow may
be important to the Al cycle at Hubbard Brook. Removal of modest amounts of
dissolved inorganic Al from the BhsT horizon, and subsequent export from the
soil, occurs during winter and early spring. This process may be due io
atmospheric inputs of acidic substances.

2.1 INTRODUCTION

There has been considerable interest in the chemistry and transport of Al in
spodosols (Mokma and Buurman, 1982). Formation of spodosols is generalfy
thought to involve the mobilization of Al (and Fe) from the upper (E) to lower (B)
mineral soil horizons by organic acids leached from foliage as well as from
decomposing forest floor (Bloomfield, 1957; Coulson &t al., 1960). Transported
Al is largely precipitated within the lower soil horizons, so there is generally little,
mobilization of Al from the terrestrial to the aquatic environment {Ugolini et al.,
1977; David and Driscoll, 1984). )

In recent years, it has been hypothesized that mineral acids from atmospheric
deposition remobilize Al previously precipitated within the soil during
spodosolization or held on soil exchange sites, with this Al being transported
through the soil to adjacent surface waters (Cronan and Schofield, 1979).

In acidic surface waters of upper New York State and New Hampshire,
organically-complexed Al was generally the predominant form of aqueous Al



while F-complexed Al was generally the predominant form of inorganic
monomeric Al (Driscoll et al., 1984; Johnson et al., 1981). Inorganic Al was
observed to increase exponentially with decreases in solution pH, white organic
monomeric Alwas strongly correlated with soluble Al concentrations but not with
pH.

it is well established that Al is toxic to aquatic organisms (Cronan and
Schofield, 1879; Baker and Schofield, 1980; Hall et al., 1984), and elevated levels
of Al may also cause toxicity to forest vegetation {Ulrich et al., 1980; Vogelman,
1982).

The intent of our study was to evaluate the chemistry and transport of Al within
the terrestrial environment of the Hubbard Brook Experimental Forest (HBEF}),
New Hampshire.

2.2 METHODS

2.2.1 Experimental setting

The HBEF is located in central New Hampshire, USA (43° 56'N, 71° 45'W).
The region is primarily a deciduous forest (Fagus grandifolia, Acer saccharum,
Betula aleghaniensis), with red spruce (Picea rubens) and balsam fir {Abies
balsamea) prominent on north-facing slopes and ridgetops.

Underlying the Hubbard Brook watershed is a pelitic schist of sillimanite grade
{Littleton formation), which is extensively intruded by quartz monzonite (Kinsman
formation). The material is medium to coarse grained, consisting of quartz,
plagioclase and biotite. The region is largely covered by locally derived glacial
till.

The soils are well drained spodoscls (Typic Fragiorthods) with a sandy loam
to loamy sand texture and a thick (3-15 em) organic layer at the surface. They
are highly permeable and overland flow is essentially absent. A fragipan in the
sub-soil greatly restricts water flow to the lower soil. The rough pit and mound
topography was derived mostly from windthrown trees.

The flux of precipitation inputs and stream outflow have been continucusly
monitored since 1956. Precipitation and stream chemistry have been monitored
weekly since 1963. Such data have provided detailed information on the
chemistry and cycling of substances in the experimental forest (Likens et al.,
1977, Bormann and Likens, 1979).




2.2.2 Sampling program

In our study, seeps, soil solutions and soils just west of the HBEF reference
watershed (WSB) were sampled (Fig. 1). Seeps were sampled approximately at

700

— — —watershed boundary
—— stream
v weir 500 400
o] seep site
0 lysimeter site 550 a50

.5 km

Fig. 1. Seep and soil study sites at the HBEF.

weekly intervals, along an elevational gradient (725 to 400 m) from May through
September 1973. Soil pits were dug at three elevations (760 m, 840 m, 520 m)
and lysimeters were inserted below the 02, E, Bhs1 and above the Cx horizons
in each pit. A tension of about 0.1 bar was maintained by a hanging column. Soil
solutions were collected in polypropylene cantainers at approximately weekly
intervals from March through July 1982,

Conventional porous cups or plates of ceramic material may leach Al under
acidic conditions or sorb Ai from solutions of more neutral pH. To minimize these
problems, we designed and constructed a lysimeter for this study (Fig. 2). A
circufar fitter (0.2 .m, acrylic copolymer; Fig. 2b) with internal nylon support was
used to hold the applied suction and fiter particulates. This membrane was




Fig. 2. Diagram of the suction lysimeter used to collect s0il solutions.

supported by porous (40 .m) polypropylene material (Fig. 2d), which kept the
filter moist. The filter and porous polypropylene supports were placed in a
machined circular PVC frame (Fig. 2a, c) and on a circular PVC plate {Fig. 2e).
A hole was drilled into the lysimeter (Fig. 2d) to accomodate a polyethylene tube
(Fig. 2f) and flexible tubing (Fig. 2g) to transport water to a polypropylene
collection vessel.

We passed 0.1 M HNOj3 through the lysimeters and detected no Al (<0.5
mmal m'3] in the leachate. In addition, synthetic and natural solutions which were
undersaturated with respect to gibbsite solubility did not loose Al upon passage
through the lysimeter, though solutions that were highly oversaturated showed
Al retention on the lysimeter.

Samples were collected from all sail horizons on September 1982 within each
of the soil pits. Descriptians of soil profiles and horizon designations were made
according to the Food and Agriculture Organization (1977). Soils were air dried,
sieved and stored for analysis.




2.2.3 Analytical techniques

Immediately after collection, soil and seep solutions were measured for pH
and specific conductance. Seep samples were then filtered through 0.45 ym
Millipore filters. Samples were processed for Al and dissolved organic carbon
(DOC) within 24 h.

Free F was determined with an ion-selective electrode and total F was
determined similarly but using a total ionic strength adjustor and buffer (TISAB
II; Orion, 1976). DOC was measured using persulfate oxidation (Menzel and
Vaccaro, 1964) followed by syringe stripping of CO2 (Stainton, 1973) and gas
chromatography.

Calcium, Mg, Na, and K were determined by atomic absorption
spectophotometry (AAS). For seep solutions, SO4 and Cl were determined by
ion chromatography. For soil solutions, S04 was determined colorimétrically and
dissolved Si was determined by the molybdosilicate method (APHA, 1978) using
an autoanalyzer.

For seep sclutions, monomeric Al was determined 'by the ferron-
orthophenantroline method (Smith and Hem, 1972). Monomeric Al was
fractionated using a cation exchange column on which labile forms of
monanuciear Al (inorganic maonomeric Al: aquo Al and OH, F and S04
monomeric complexes) are thought to be retained, while non-labile forms of
monomeric Al (organic complexes) pass on through (Driscoll, 1984).

For soil solutions, monomeric Al was determined using a more sensitive
method, where meononuclear Al is complexed by 8 hydroxyguinoline, followed
by rapid extraction in methyl isobutyl ketone (Barnes, 1976). Limited sample
volumes of soil solutions generally precluded the use of the exchange coiumn
to fractionate Al. Therefore we used free and total F measurements, together
with thermochemical data, to calculate the distribution of inorganic Al. it was
assumed that the difference between total and free F was Al-bound F because
Ca, Mg, Fe, and Si complexes of F are insignificant (Johnson et al., 1981). Aquo
Al (A!3 Y levels were calculated by applying free and Al-bound F concentrations
to thermodynamic alumino-F complexation relationships. Individual Al forms
were, in turn, calculated with measured values of figand concentration ar activity
{e.9. pH, F, 804), and alumino-ligand stability constants. Organic Al was
calculated as the difference between measured monomeric Al and computed
inorganic Al (Driscoll, 1984).
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Although Driscoll (1984) found both methods to give similar results for natural
water samples, the F technique generally gives somewhat lower values for
inorganic (labile) monomeric Al than the cation exchange column method.

Soil pH was measured in a 1:2.5 (mass to volume ratio) distilled water extract.
Soil organic C was measured using the method of Begheijn (1976). To estimate
various fractions of free (non silicate bound) Al, samples were extracted
sequentially with: 1) 1.0 M KCI (exchangeable}, 2) 0.1 M NaaP207 (organic), 3)
0.2 M (NH4})2C204 adjusted to pH 2 (amorphous), and 4) citrate-dithionite
-bicarbonate (crystalline-free) (USDA, 1972).

This fractionation scheme was actually developed for Fe, so extractions are
not entirely specific and may include some overlap (McKeague et al., 1971). The
(NH4)2C204 and citrate-dithicnite-bicarbonate extracts were oxidized with heat
and aqua regia before analysis. Aluminum in the pyrophosphate extracts was
determined by AAS with a nitrous oxide acetylene flame, while the other extracts
were analysed colorimetrically using the pyrocatechol violet method (Wilson and
Sargeant, 1863). Organic C was measured in the pyrophosphate extracts by
combustion followed by infrared detection. Total Al was measured by x-ray
fluorescence spectrometry after fusion of the soil sample with LizB4O7 at 1000°C
for 5 min in a platinum-gold crucible.

2.2.4 Computational procedures

For thermadynamic calculations we used a modified version of the chemical
equilibrium model MINEQL (Westall et al., 1976). Thermochsmical data are
summarized elsewhere (Johnson et al., 1981; Driscoll, 1984). Thermodynamic
calculations were corrected for temperature, and ionic strength corrections were
made using the Davies equation (Stumm and Morgan, 1881).

To evaluate the potential for equilibrium with mineral phases we computed
mineral saturation indices (SI) for soil and seep solutions:;

Sl = log IAP/K

where: Sl is the saturation index for a mineral phase of interest, 1AP is the ion
activity product of the solution, and K is the thermodynamic equilibrium constant
for the selected mineral phase. Positive Sl values suggest that the solution is
oversaturated with respect to the mineral phase of interest, whereas negative
values indicate undersaturation, and values near zero suggest equilibrium.

Soil Al pools were computed for each site and horizon {down to the fragipan),
based on soil chemical properties, depth and bulik density. Aluminum fluxes were




calculated from estimated water flux through HBEF soil (Wood, 1980), assuming
that all water entering during the biologically dormant period (15 October through
15 May) percolates through the soil and is exported as streamflow, while
percolation is reduced by transpiration during the growing season (15 May
through 15 October). Total transpiration (48.9 + 1.0 cm annually; Likens et al.,
1977) was partitioned proportionaily to each soil horizon from the distribution of
fine root biomass in each harizon. Average water fluxes observed for the HBEF
(Likens et al., 1977) were multiplied by the average Al concentrations chserved
in the dormant (March - 15 May) and growing {15 May - July) periods,
respectively.

On the average, 63% of the annual discharge at the HBEF occurs from March
through July (Likens et ak., 1977). Although we did not observe any significant
temporal trends in soil solution concentrations during our monitoring period, the
assumption that soif solution levels of Al for our observational period are
representative of the annual cycle should be viewed with caution. Moreover,
some water is probably short-circuited through surface horizons and into the
stream, particularly during periods of high flow (e.g. snowmelt). This would result
in a lower flux of Al from the desper soil horizons than indicated by our
calculations.

2.3 RESULTS

2.3.1 Soil solutions

Soil solutions were characteristically acidic and low in dissolved salts (Table
1). Organic horizon leachates generally had very low pH and elevated DOC
levels. Soil solution pH generally increased and DOC decreased with depth in
the mineral soil. There were no significant trends in S04 concentration with soil
depth or site elevation.

The distribution of monomeric Al was calculated for a subset of the samples
(Fig. 3}. Because of limited sample volume, we were often unable to accomplish
the complete chemical analysis required for thermaodynamic calculations.

Elevated levels of Al were observed in all horizons. Levels were highest in the
more acidic solutions of the highest site and generally decreased with
decreasing elevation. Organic monomeric Al was predominant, with inorganic
monomeric Al generally decreasing with decreasing elevation.
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Fig. 3.Concentrations of inorganic, organic and monomeric Al, in those soil sofutions for
which sufficient data were available to calculate the speciation of Al. Emor bars
represent one half of a standard deviation of measured monomeric Al values,

QOur calculations for the relative distribution of inorganic forms {Fig. 4) suggest
that AP+ was the predominant form of Al at the very acidic, high elevation site.
At the lower sites, Al-F complexes became predominant. Hydroxy-Al was also
present in significant quantities. Aluminum-SO4 forms were generaily
insignificant.

At the highest site, F was almost entirely Al-bound {Fig. 5}. Molar
concentrations of Al at this site greatly exceaded molar concentrations of F. At
intermediate elevation (site II), molar levets of inorganic Al were comparable to
molar F levels. Hence, while Al-F still predominated, there were significant ievels
of free F in solution. At the low elgvation site (site |ll}, molar concentrations of F
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Fig. 4. Relative distribution of inorganic Al in HBEF soil solutions.

generally exceeded inorganic Al levels. Therefore, free F was a large fraction of
total F. :

We also evaluated the IAP for a number of Al mineral phases. Our results for
B horizon sail solutions were similar to those reported by Johnson et al. (1981)
for HBEF streams. Briefly, B horizon solutions were generally undersaturated
with respect to jurbanite (AI{OH)SQ4.5H20; p*Kso = 17.8; Nordstrom, 1982)
and kaolinite (AlsSisOs5(0H)a; p*Kso = -3.3; Stumm and Morgan, 1981), and
oversaturated with respect to halloysite (Al2Si20s{OH)4; p*Kso = -5.66; Hem et
al., 1972). To illustrate soil depth trends in Sl values we used natural gibbsite
{May et al., 1979) as an index mineral. Johnson et al. (1981) reported that HBEF
streams were close to saturation with this mineral. Scil solutions were highly
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Fig. 5.Concentrations of free and total F in HBEF soil solutions. Error bars represent one
half of a standard deviation of measured total F values.

undersaturated with respect to natural gibkxsite in the surface horizons (02, E)
but approached saturation, particularly at the higher sites (1, Ii; Table 2) and in
the deeper horizons.

The soils sampled in our study were generally acidic, with the high elevation
site exhibiting the lowest pH values (Table 3). Free Al was a refatively small {(20%)
fraction of total soit Al. The distribution of free Al was similar at all sites but the



Table 2, Mean saturation indiecas {51) and standard deviations with
respect to natural gibbsite solubility (p*Ksoﬁ—B-TT, May
et al., 1979) for HBEF solutions.

Horizon Site I-760 m Site TI-640 m Site ITI-520 m
Soil solutions (SI = log IAP/K)

02 -5.331 + 3,18 -1.50 % 1.45 -2.57 = 1.21

E - -1.64 * 0.20 -3.11 = 1.73

Bhsl ~0.54 * 0.50 -3.03 *+ 0,25 -1.48 * 1.45

Bhs2 -0.03 £ 0.21 -0.38 + 0.49% -0.87 * 0.64

Seep_solutions
SI = 0.04 £ D.20

Stream scolutions §
SI = -0.11 * 0.36

+ Site II lower horizon is 8hs2
$ Johnson et al., 1981

Organiec C
Bulk pH Total in 0.1 M
Site Horizon density® (H,0} Al TOC  Na,Py0;
kg w3 mmmmmees mol kg'l """"
I1-760 m 02 270 3.58 0.233  31.76  3.12
E 1060 3.77 0.832 1.51  0.64
Bhsl 750 4.00 0.396 399 2.19
Bhs2 880 4,14 1.029 3.68  2.72
Bhs3 880 4.39 1.214 2.30 1.89
cx 1500 4.18 1.002 0.64  0.68
II-650 m 02/A1 770 4.31 0.754 11.73 1.45
E 1060 4.21 0.773 1.1z 0.50
Bhsl 750 4.20 0.909 3.66  2.36
Bhs2 830 4.39 1.006 2.55  2.07
Cx 1500 5.25 1.089 1.12 0.77
II1-520 m 02 270 4.21 0.288  31.42  3.40
E 1060 3.90 0.957 1.07  0.40
Bhsl 750 4.05 1.032 2.03 2.8
Bhs2 880 4.24 1.193 1.9z 1.92
Bha3 880 4.29 1.180 1.62  L.35
cx 1500 4.56 1.314 0.51  0.37

+ Wood, 1980

concentration varied from site to site (Fig. 6). Organic Al (pyrophosphate
extractable} was generally the dominant form of free Al. The free Al content was
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Fig. 6.The vertical distribution of free Al at HBEF soil study sites. The soils were extracted
sequentially with potassium chloride, sodium pyrophosphate, ammonium oxalate
and citrate-dithionite-bicarbonate solutions.

depleted in the E horizons and enriched in the B horizons. At all sites the free Al
content was greater in the O2 than in the E horizon.

Total organic C and pyrophosphate extractable C were highest in the 02
harizon, exhibited a minimum in the E horizon, peaked in the Bhs1 horizon, and
declined with further depth in the sail (Table 3). In the surface horizon, the ratio
of pyrophosphate extractable C to TOC was low { 0.1}. This ratio approached
one (0.55 - 1.12) in the B horizons, suggesting that the bulk of the organic C in
the lower soil (B and upper Cx horizons) was associated with Al and Fe.
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2.3.3 Seep solutions

The composition of seep solutions was generally similar to that of soil solutions
(Table 4). The headwater seeps (725 m, 665 m) were acidic and contained
relatively low concentrations of basic cations {(Ca, Mg, Na, K). The lower
elevation seeps (635 - 400 m) were less acidic and more enriched with respect
to basic cations. The headwater seeps contained the highest concentrations of
monomeric Al, and in particular inorganic Al {Fig. 7). In the lower elevation seeps,

Organic Monomeric
Alyminum

o
|

Inorganic Monomeric

Voaluminum

—r—.

Seep.ﬁ '/%
465 m %‘

Seep 7
400 m 65.43

0 10 20 30

Muminum (nmol.n™0)

Fig. 7. The concentrations of Al species in HBEF seeps.

organic forms of Al predominated. Seep solutions were essentially in equilibrium
with natural gibbsite (Table 2), similar to HBEF stream waters {Johnson et al.,
1981).
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Seep Elevation pH 8C Monomeric Al Ca
m wS ml  TmTTmmmomommmmosesoseooo-eeo-ooooe
1 725 4.73 £ .08 1.9 = 0.3 17.3 £ 7.3 16 £ 3 St1 22 £+ 5 321 54 16 240
2 665 4.77 + 0.07 2.1 * 0.2 17.9 + 2.5 23 ¢+ 3 T+1 24 £ 6 34 55 32 400
3 6§15 5.69 + 0.15 2.1+ 0.1 3.5 £ 3.0 39 ¢+ 4 17 + 2 i6 + 5 30 45 a1 1600
4 595 5.60 £ 0,25 2.4 + 0.3 8.4 4.8 46 % ]] 25t 5 59 + 9 7+ 2 72 25 1500
5 495 5.22 + 0.07 1.8 + ¢.2 8.6 £ 2.1 28 £ 2 11 1 49 + 1} 4 + 2 55 15 340
6 465 5.67 = 0,22 1.8+ 0.1 2.2+ 1.8 34+ 0.8 15 =] 47 + 9 8+ 1 38 15 60
7 400 6.32 * 0,12 2.7 % 0.4 3.7 1.9 66 * 7 19 = 3 67 + 15 11 & 2 60 23 540
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To examine the nature of seeps more closely, we exposed the soil of a seep
(635 m) area. This seep was characterized by an AC horizon covered with
organic matter, It appeared that the water flowed laterally over the Cx horizon
and then exited the soil through the 02 and AG horizons when the fragipan came
to the surface of the mineral soil. Hence, seep water was in intimate contact with
both mineral and organic soil just prior to leaving the soil.

2.3.4 Pools and fluxes

Free Al and pyrophosphate extractable organic C were primarily associated
with the Bhs2 and Bhs3 horizons. Pools of TOC were generally elevated in the
02 horizon and to a lesser extent in the Bhs2 and Bhs3 horizons. Although pools
of Al in the forest floor were low relative to other soil horizons, a comparison with
previous HBEF studies (Gosz et al., 1976; Likens et al., 1977) suggests that Al
is still the most abundant cation in the forest floor, on a molar basis. Pools of
nearly every Al and organic C fraction declined with decreasing elevation.

Most of the Al migrating through the soil profile appeared to be associated
with organic solutes. On an annual basis 8.5 mmol m? yr™! of monomeric Al
entered the mineral soil from the forest floor, an additional 2.6 mmol m™? yr'1 was
solubilized from the Bhs1 horizon and an equal amount was deposited in the
Bhs2/Bhs3 horizons, resulting in an annual loss of 8.5 mmol m2 yrr'1 (Table 5).
However, the mineral soil served as a net sink for organic Al {1.1 mmal m? yr'1)
and a net source of inarganic Al (1.1 mmol m2 yr'1). Fluxes of Al were also
considerably different during the dormant and growing seasons. During -the
dormant period there was a slight net loss of organic Al {0.4 mmol m2 yr'1) and
a pronounced net loss of inorganic Al (1.1 mmol m? yr") from the mineral soil.
During the growing season the minerat soil served as a net sink for both ingrganic
(0.1 mmol m? yr“) and organic (1.5 mmo! m? yr"} Al

2.4 DISCUSSION

2.4.1 Spodosolization at the HBEF

Our observations indicate that Al transport and spodosolization was most
intense at the high elevation site. This is in accordance with the research of
Legros and Barthes (1975), who found that spodosol morphology became more
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Table 5. Water’ and monomeric aluminum fluxes for the dormant (15 October-15 May) and growing (15 May-15 October) periods

at the HBEF.

Dormant season

Growing season

Monomeric Al

Monomeric Al

Monomeric Al

Horizon Water Total Organic Inorganic Water Total OQrganic Inorganic Total Organie Inorganic

.................................... e it o,
= yor=l  ----- mmol w2 wﬂn_. m wﬂ|w ||||| mmel m 2 HH\_, uuuuu ool m-2 u_.Hn_. nnnnn o

02 0.500 5.2 4.8 0.361 3.3 2.9 0 8.5 7.8 0.7

E 0.600 4.4 3.7 0.323 4.1 3.7 ¢ 8.5 7.4 1.1

Bhsl 0.600 7.8 6.3 0.297 3.3 2.2 1 11.1 8.5 2.6

Bhe2/Bhs3 0.600 6.7 5.2 0.181 1.7 1.4 o] 8.5 6.7 1.8




distinct with increasing elevation in the Central Massif of France. Because the
soils at the HBEF are se heterogenecus, we are reluctant to extrapolate these
trends to the ecosystem as a whole. Indeed, the soil depth of our sites increased
with elevation, which may be atypical for HBEF soils (Johnson et al., 1881).

Our results were generally consistent with spodosolization theory (Ugolini et
al., 1977). Organic C to organic Al ratios generally decreased with increasing
soil depth (Table 6). It is well established that the solubility of alumino-organic
substances decreases as the molar ratio of organic C to Al (and Fe) decreases
(Schnitzer and Skinner, 1963a, b). If aluminc-organic substances are
precipitated within HBEF soils, due to a decrease in the organic C to Al ratio of
organic solutes, we would anticipate that the soil solution would have a greater
organic C to organic Al ratio than the soil. Indeed, within the B horizon, organic
C to crganic Al ratios were almost always higher in the soil solution than in the
soil (Table 8).

Table &. Mclar ratios of organic C to organic Al in scil (0.1 M
Na,P,0; extract} and soil solutions collected beneath the
horizon indicated.

Site Horizon Soil So0il solution
I 02 228 198
E 109 -
Bhsl 37 28
Bhs2 L7 -
Bhs2 14 53
Cx 16 -
1L 02/Al 55 18
E 185 59
Bhsl 18 24
Bhs2 13 29
Cx 13 -
1II 02 124 548
E 82 100
Bhsl 29 48
Bhs2 16 -
Bhs3 14 60
Cx 17 -

In soils, a reduction in the organic C to Al ratio may be accomplished by: (i)
Al complexation by organic acids as these solutes are transported through the
mineral sail and/or (i) microbial oxidation of organic C within the soil profiie. It
would appear that the former mechanism was operating t¢ some extent at our
sites. Over the annual cycle organic Al was solubilized from the Bhs1 horizon
and deposited in the lower B herizons, indicating a deepening of the spodosal

24




profile. However, the most prominent feature of our flux calculations is the high
levels of organic Al exported from the O2 horizon. Aithcugh high concentrations
of Al in organic horizon leachates and relatively large pools of Al in the forest
floor have been reported previously (Cronan and Schofield, 1979; David and
Driscoll, 1984), such phenomena have not been incorporated adequately into
the theory of spodosol development. While the source of this forest floor Al is
unknown, it is most likely transported from the mineral soil by biocycling (e.g.
via leaf or root litter) or by windthrown trees.

If we divide the pool of organic {pyrophosphate extractable) Al in the mineral
soil by the age of the soil (time elapsed since the time of the 1ast glaciation, 14,500
yr), an estimate for the historical rate of Al deposition can be made. This gives
8.9, 6.1, and 3.6 mmol m™ yr'! for the 760, 640, and 520 m sites respectively.
The historical rate of organic Al deposition is thus considerably greater than the
current rate of organic Al precipitation from the soil solution (1.1 mmol m?> yr'1 ).
This suggests either that the rate of spodosol development has decreased or
that additional, more significant, mechanisms of arganic Al accumulation in the
Bbhs horizon, e.qg. by root turnover, are operating in HBEF soils.

2.4.2 The role of acidic deposition in Al transport at the HBEF

Johnson and co-workers (Johnson, 1979; Johnson et al., 1981) have
hypothesized that acidic deposition entering the HBEF was initially neutralized
by the dissolution of reactive alumina, resulting in a solution that consisted of a
mixture of hydrogen ions and alurminum acidity. This acidity was subsequently
neutralized by the relatively slow dissolution of basic cations. Cronan and
Schofield {1979) reported elevated levels of Al in the O and E horizons of a New
Hampshire forest soil, and attributed the leaching and seepage of this Al to acidic
deposition.

Our results also suggest that Al cycling within the terrestrial environment is
much more complicated than previously thought. Biota within the forest
ecosystem appear to have a profound effect on Al chemistry and transport.
Much of the free Al in soils appears to be associated with organic matter, and
much of the Al in soil solutions and seeps, appears complexed to organic
solutes. Nevertheless, we report the removal of significant quantities of dissolved
inarganic Al, largely from the Bhs1 horizon, which are not retained in the lower
B horizons but rather are exported to streams. Like Johnson (1979), we
observed the highest levels of inorganic monomeric Al at high elevation sites,
where inputs of acidic deposition may be much greater than at lower sites (Lovett




et al., 1982), and where contact time of the solution phase with the soil may be
relatively short.

If solutions tend to approach equilibrium with an Al(OH)z mineral phase, as
our Sldata suggest, then increases in mineral acid loadings to the system should
increase the dissolution of inorganic Al (Driscoll and Likens, 1982). During the
biologically dormant period in particular, inorganic forms of dissolved Al were
remocved from the Bhs1 horizon and transperted through the soil profile. This
process is similar to that reported by Cronan and Schofield (1979). During
snowmelt, which coincides with the biologically dormant period at the HBEF,
large quantities of mineral acids that have accumulated in the snowpack are also
released to the soil and may facilitate the removal of dissolved inorganic Al. High
rates of dissolved inorganic Al export from soil during the dormant season and
limited inorganic Al flux during the growing season are consistent with the
findings of Johnson et al. (1981) for HBEF streams. In view of the significance
of Al as a potential toxicant, further research to evaluate the natural cycling of Al
and the effects of atmospheric inputs of mineral acids on this cycling appear to
be warranted.

ACKNOWLEDGMENTS

We are indebted to F.H. Bormann, J.S. Eaton, C.R. Frink, N.M. Johnson, G.E.
Likens, W. Martin and R.S. Pierce for their support and encouragement in our
study. We would particularly like to thank M. van de Pol for sampling and analysis
of soit solutions, M.T.M.H. Lubbers and A.J. Kuijper for analyzing the soil
samples, P.G.M. Versteeg for preparing the figures, and the Department of
Texiprocessing, Agricultural University, for doing the typing. Financial support
was provided by the National Science Foundation. The Hubbard Brook
Experimental Forest is operated by the USDA Forest Service, Broomall,
Pennssylvania.

2.5 REFERENCES

American Public Health Association, 1978. Standard methods for the examination of water and
wastewater, 14th ed., APHA, New York.

26







