In situ experiments on the dissolved and colloidal

state of iron in an acid bog lake

Jeffery P. Koenings?

School of Natural Resources, University of Michigan, Ann Arbor

48104

Abstract

A sampler and an analytical and characterization scheme were developed to investigate
the chemical and physical state of iron in a highly stained acid bog lake (North Gate
Lake). Iron fractions were chemically separated by reactivity to bathophenanthroline
(BPN) after specific digestion procedures. Physical separation by anaerobic in situ filtra-
tion (450 nm) and in situ dialysis (4.8 nm) resulted in threc size classes: particulate,
colloidal, and dissolved.

Inorganic, nonreactive species of iron [e.g. Fe(OH)s] represent minor amounts of the
total iron in North Gate Lake, in contrast to lakes of pH 6-8. In situ radiochemical analy-
scs revealed that colloidal reactive ferric iron predominates in the oxygenated epilimnion,
while dialyzable or dissolved ferrous iron increases with depth. Unlike iron, organic matter
is present in a nontransient colloidal state. In acid (pH 4-5) bog lakes ferric iron may be
colloidal not as an inorganic complex (OH™) but as reactive Fe®* by complexation with
the colloidal organic acids.

After thermally induced mixing with anaerobic waters, ferric iron is reduced and dis-
solved; however some of the BPN reactive iron remains colloidal, suggesting the presence

of a residual ferrous organic complex.

Inorganic iron may be present in the
epilimnion of oxygenated lakes of pH 6-8
as Fe(IIT) hydroxides in the form of cither
a precipitate or a sol (Hutchinson 1957;
Shapiro 1964). Shapiro (1964) showed
that organic acids could hold iron in appar-
ent solution above pH 5 as peptized sols.
ITowever, at lower pH, ionization of or-
ganic acids decreases, the rate of oxidation
of iron becomes indepedent of pH, and the
solubility of all ionic forms of iron in-
creases. Low pH, combined with low oxy-
gen tensions and a reducing environment
containing colloidal organic matter (COM),
may permit large amounts of ionic iron to
be present without inorganic (hydroxyl
ion) complexation in bog lakes. In addi-
tion, the low ionic strength of bog lake wa-
ter, as indicatecd by the low conductivity
(20-30 pmhos cm™ at 18°C), reduces the
coagulation formation of particulate forms
of iron. Under these conditions, solution
size, oxidation state, and organic acid com-
plexation of ferrous and ferric iron may be
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quite different from those in lakes of neu-
tral or basic pH.

Low dissolved oxygen, high CO,, low
pH, and the presence of reducing organic
and inorganic compounds all favor forma-
tion of ferrous iron. Decomposing organic
residues (including “humic acid”) can re-
duce ferric to ferrous iron or form ferrous-
organic complexes (Bloomfield 1952).
Shapiro (1966) showed that colored or-
ganic acids could reduce ferric iron from
natural waters, and Hem (1960) showed
that tannic acid reduced ferric iron in arti-
ficial laboratory systems. Divalent sulfur
compounds (e.g. I1,S) in lake waters can
also reduce ferric iron (Stumm and Mor-
gan 1970). All the above are encountered
in highly colored acid bog water (pH 4-5)
and tend to increase the solubility of iron
by favoring the ferrous state. Bog lakes
thereforc present complex systems for mea-
surement of the physical and chemical
states of iron. Sampling and analytical
difficulties have created somc uncertainties
regarding the iron species at specific
depths in the water column. My purpose
here is to define more precisely the states
of iron in acid bog lakes and to determine
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the in situ relationship of iron to COM in
differentially oxygenated lake waters.
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Study area and methods

The experiments were done in North
Gate Lake, a small, highly colored, mero-
mictic lake in Section 37 of T45N, R42W,
Gogebic County, Michigan. It is one of
many bog lakes on a 2,225 ha reserve
owned by the University of Notre Dame,
has a surface area of about 0.4 ha, and a
maximum depth of 8 m. The open water
is surrounded by a Sphagnum mat which
extends into a black spruce forest.

Measurements of the oxidation state and
speciation of iron in lakes are difficult. The
two oxidation states of iron and their vari-
ous complexes may occur simultaneously at
a given depth, both the oxidation state and
coordination are very sensitive to dissolved
oxygen, and the oxygen content of samples
is easily altered during handling. Batho-
phenanthroline (BPN) was used to mea-
sure ferrous iron; it does not react with
any other metal ion (including Fe3+). BPN
gives a colored complex that can be ex-
tracted by n-hexyl alcohol at pH 4.0 to
isolate the colored complex from its
aqueous solution, increase sensitivity, and
extend the specificity to the point where
there is no known interference by either
metal cations or common anions (Smith et
al. 1952). The analytical scheme is shown
in Fig. 1. All samples were duplicated and
each digestion procedure contained a
blank. Solutions were read in a Klett-Sum-
merson colorimeter using the 4-cm cell.
Standards were run with each experiment.

Since Fe(II) is unstable in the presence
of oxygen, samples are usually preserved
at the time of collection. Preservation with
acid accelerates the reduction of Fe(III)
to Fe(II), releases iron from organic com-
plexes, and dissolves inorganic ferrous salts
(McMahon 1967; O’Connor et al. 1965).
Thus, only total ferrous iron is measurable.
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Chemical characterization of iron (II) and (IITI)
1 % 3 4
1 h
4 N HCL NHZOH 4 N HCL
10 min 5 mi NH_OH

2
100° C 15 min

BPN BPN BPN BPN
Acetate Acetate Acetate Acetate
4 N 'I\IH4O}{ 4 N NH40H
BPN Total Total Total
reactive ferrous reactive iron
ferrous iron iron
iron
Fig. 1. Analytical scheme used to characterize

iron species in North Gate I.ake. Duplicate sam-
ples (25 ml) were carried through each procedure
(1-4). After neutralization to pH 4.0 with NH;-
OH, the red BPN-Fe(Il) complex was extracted
into n-hexanol, diluted with 95% ethanol, and the
absorbance measured at 540 nm. (See Golterman
and Clymo 1969.)

Sunlight also interferes with the determi-
nation of ferrous iron by differentially re-
ducing Fe(1I1) compounds.

To circumvent these problems I used a
plastic in situ filtration sampler which
yielded 200 ml of a 0.45-p membrane-fil-
tered sample (Fig. 2). Samples were col-
lected with four airtight, light-proof sam-
plers from the surface (0-5 cm), the top
of the thermocline (2 m), the middle of
the anaerobic hypolimnion (5 m), and the
monimolimnion (7.5 m). Sampler con-
tainers were filled with a mixture of helium
(99.05%) and isobutane (0.95%) and then
transferred in a pressurized condition to
the lake. A container was attached to a
0.45-u membrane-filtering apparatus and
to filtration tubing connected to a vacuum
pump. The apparatus was then lowered
to the desired depth and filled with lake
water by vacuum filtration. Sampler cylin-
ders were returned to the laboratory under
a slight negative pressure and a gas-filled
balloon was fitted to the upper stopcock.
Gas from the balloon entered the cylinder
during the removal of subsamples from the
lower stopcock.

Four analyses were performed on dupli-
cate 25-ml samples from a series of depths
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(Fig. 1, 1-4). Two of these included acid
digestion, two did not. All were done
within 20 min of time of collection. Analy-
sis 1 consisted of the addition of BPN di-
rectly to a sample, followed by color devel-
opment and hexanol extraction (McMahon
1969b). Since acid dissolves insoluble fer-
rous salts (O’Connor et al. 1965), and re-
leases Fe(II) from organic complexes (Mc-
Mahon 1969a), the addition of DBPN

Lower stopcock
(used in aliquot subsampling)

In situ filtration device used to take 0.45-u membrane-filtered samples from four depths in
North Gate Lake without interference from oxygen.

without acid measures only the BPN reac-
tive form of ferrous iron (Fe? ). Analysis
2 measured total ferrous iron (acid + BPN).
Analysis 3 consisted of adding only a re-
ducing agent, hydroxylamine hydrochlo-
ride (NH,OH), followed by BPN, color de-
velopment, and extraction. This measured
total reactive iron, which includes BPN
reactive ferrous iron, in addition to reac-
tive ferric iron, which requires reduction
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alone to bring it to the BPN reactive state.
The term nonreactive ferric iron is used
here to describe all forms of iron that re-
quire hot acid digestion plus reduction for
release to the BPN reactive state. This is
similar to the procedure used by Stumm
and Lee (1961) to measure colloidal ferric
oxyhydroxide. Analysis 4 measurced total
iron (reductant + acid + heat) (Golterman
and Clymo 1969).

Results from these four analyses were
used as follows in calculations of iron spe-
cies—

analysis 1 =BPN reactive ferrous iron;

analysis 2~ analysis 1 = nonreactive fer-
rous iron;

analysis 3 — analysis

iron (result A);

analysis 4 — analysis 2 = total ferric iron
(result B);

result B —result A =nonreactive ferric
iron.

1 =reactive ferric

These categories can be described as dis-
solved, colloidal, etc. if the water has been
appropriately pretreated. The effectiveness
of the above characterization scheme in
differentiating between dissociated and un-
dissociated iron as well as between ferrous
and ferric iron was tested by analyzing
freshly prepared iron standards of known
concentration. These compounds do not
exist in nature, but they do demonstrate
the reactivity of known forms of iron to the
proposed reaction scheme, from which
natural lake iron was later classified. The
replicability of the BPN method was ex-
cellent. Eight samples containing 10 ug of
iron were analyzed for total iron with a
standard crror of 0.02 ug.

Samples were taken on 19 and 21 July
by in situ anaerobic filtration at the four
sampling depths in the center of the lake,
and on 24 July and 24 August with a modi-
fied Hale sampler with acid-washed 300-ml
BOD bottles, transported to the laboratory
with minimal exposure to light or atmo-
spheric oxygen, filtered through 0.45-u
membranes in the presence of air, and the
analytical and characterization schemes de-
scribed above were applied. Conductivity,
pH, alkalinity, temperature, dissolved oxy-
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gen, and total iron were monitored continu-
ously from 12 May to 10 August. Thesc
parameters did not change after 1 June. A
stable thermocline (2 m) develops early in
North Gate Lake with chemical and physi-
cal parameters remaining nearly constant
until the fall overturn of the mixolimnion.
Day-to-day variations were small, permit-
ting comparison of samples collected in
the same location but analyzed with differ-
ent procedures on successive dates. Dupli-
cated experiments agreed very well and
were averaged to show the naturally exist-
ing specics of iron in different strata of the
lake and the effects of aeration (aerobic
filtration) on the species of iron present.

To determine both the natural physical
state and the movement of iron in acid bog
waters, ®Fe-FeCl; (1.0 mCi) was carefully
added to the surface (7.0 cm) of a column
of lake water contained in a polyethylene
cylinder 1 m in diameter and 8 m deep.
The tracer increased the amount of iron in
the surface water by less than 1%. An
evacuated bottle was used to draw samples
from a series of glass sampling tubes
spaced at l-m intervals down the center
of the tube, through connecting tygon tub-
ing; a volume of water equal to that of the
tubing volume was discarded before sam-
pling. Samples were taken to the labora-
tory, filtered, and total and filterable ac-
tivity was measured by drying triplicate
5-ml subsamples on planchets and counting
on a low background beta counting system.
Rates of movement of the tracer were equal
to the slope of the least squares regression
estimate for the change in %Fe activity
with time after correcting for isotopic de-
cay. A total radioactive iron budget was
calculated for the plastic cylinder to deter-
mine any loss of tracer out of the epilim-
nion during the cxperiment.

To characterize further the physical state
of the iron, I installed sealed sections of
acid-cleaned (10% HCI) cellulose dialysis
tubing (pore diameter of 4.8 nm, or molec-
ular weight cutoff for proteins of >12,000)
containing distilled water inside the cylin-
der, at 1-m intervals, 5 days after the tracer
was introduced. After another 5 days trip-
licate 5-ml samples were withdrawn from
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Table 1. Iron standards characterized by the
proposcd analytical scheme showing the separa-
tion of differentially reactive iron species. (Values
are in pcrcent of total iron.)

— Tron Standards

BPN Non- Non-
reactive rcactive Reactive reactive
ferrous ferrous ferric ferric

iron iron iron iron

(1) ferric o

oxyhydroxide 0.0 0.0 16.0 84.0
(2) ferric

chloride 0.0 0.0 16.0 84.0
(3) ferric NI

sulfate 0.0 0.0 12.0 88.0
(4) ferric

perchlorate 0.0 0.0 100.0 0.0
(5) ferric

citrate 0.0 0.0 100.0 0.0
(6) Ferric FDTA 0.0 0.0 100.0 0.0
(7) ferrous NII

sulfate 95.0 5.0 0.0 0.0

inside the tubing, evaporated to dryness,
and counted. I determined the period of
5 days for quantitative equilibrium of the
dialysate with the surrounding water using
59Fe-FeCly and FeCly standard solutions at
20° and 5°C.

The fractions were defined as: materials
>045 u, particulate; those <045 u, but
>4.8 nm, were colloidal; those <4.8 nm,
truly soluble or dissolved.

Results

Standard iron solutions—All solutions
were analyzed at pH 4-5 with 400-500 ug
liter* of iron present. Ferrous ammonium
sulfate reacted as ferrous iron (100%) and
as BPN reactive ferrous iron (95%) (Table
1); <5% rcacted as nonreactive ferrous
iron. Ferric ammonium sulfate, ferric
chloride, and most important, ferric oxyhy-
droxide, all reacted as ferric iron (100%)
and were calculated to be nonreactive fer-
ric iron compounds (84-88%). Thesc fer-
ric compounds, unlike the ferrous iron, did
not react as free dissociated (hydrated)
iron but required acid digestion plus re-
duction to be reactive to BPN. The ability
of ferric iron to form incompletely disso-
ciated inorganic complexes with sulfate
and chloride is well known (Cooper 1937;
Rabinowich and Stockmayer 1942; Stumm
and Lee 1960). The results given are from
freshly prepared standards. Aged solutions
(3-5 days) of ferric chloride and ferric oxy-
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Table 2. Size classification of ®Fe activity fol-
lowing addition of tracer to a water column en-
closed in a plastic cylinder in North Gate Lake
(A), and stable iron distribution in North Gate
Lake using in situ dialysis (B).

Tracer iron
filterable* dialyzable*

Stablec iron

Depth filterable* dialyzable*
8

Surface  91-100 14-15.5 90-100
1m 84- 02 22-25 - -
2nm 80 55-63 99 . 45-60

*alues in percent of total irom.

hydroxide yielded recoveries as nonreac-
tive ferric iron of 96%.

Ferric perchlorate reacted as reducible
ferric iron and was entirely reactive ferric
iron that required reduction alone to react
with BPN. The perchlorate anion does not
form an inorganically bound complex with
iron to the degree of sulfate, chloride, or
hydroxide. Thus, reactive ferric iron
represents iron morc in the completely
dissociated Fe3* state. However, reactive
ferric iron need not be in the free state, as
iron organically complexed (e.g. ferric
EDTA and ferric citrate) also was present
in the reactive state. Lake iron in the fer-
ric reactive state is therefore primarily dis-
sociated iron (Fe®*) present either free (hy-
drated) or organically complexed. Since
free (hydrated) ferric iron would be dialyz-
able, reactive iron in bog lake waters of col-
loidal size could exist as COM-bound iron
rather than an inorganic colloid. If colloidal
and reactive, the iron may be present in an
organic complex with COM, but if colloidal
and nonreactive, the iron is more likely to
be present as an inorganic colloid, c.g. fer-
ric oxyhydroxide.

The rationale is, then, that although dis-
sociated iron will react with BPN without
acid, inorganically complexed iron will not
react until the appropriate acid digestion
proccdurc renders the iron reactive. The
above classification scheme, together with
sizc separation by in situ filtration and di-
alysis, yielded a characterization scheme
for acid bog lake iron.

Lake iron—Levcls of iron in North Gate
Lake were in the highest range of values
for similar lakes found by Juday et al.
(1938). Many of the lakes of this region
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Table 3. Distribution of the natural species of filterable iron in North Gate Lake following in situ
(0.45 u) filtration (A), and the distribution of filterable iron species in the same strata following aer-
obic (0.45 p) filtration (B). (Values arc in ug liter™.)

BPN rcactive Nonrecactive Reactive Nonreactive
Depth Fe(+2) Fe(II) Fe(+3) Fe(IID) Total
(m) A B A B A A B A B
0 (surface) 73 42 46 19 119 93 26 140 264 294
2 (mectalimnion) 426 182 36 16 84 241 49 168 595 607
S (hypolimnion) 634 366 3 126 8 160 32 24 677 676
7.5 (monimolimnion) 1073 610 4 228 0 279 79 37 1161 1154

are highly stained. In North Gate Lake
yellow colloidal organic matter comprises
up to 85% of the total organic carbon, and
90-100% of the total iron is 0.45-u mem-
brane filterable (Table 2). This large frac-
tion of filterable iron suggests that the
presence of 30-40 mg liter* COM, com-
bined with low pH and conductivity, pre-
vents formation of large iron polymers.
Total filterable iron increased from 264 ug
liter-* at the surface to 1,161 in the monimo-
limnion, and BPN reactive ferrous iron,
measured after in situ filtration, increased
from 28 to 93% of total iron (Table 3).
Since oxygen was abscnt below 2 m, it is
not surprising that iron was present almost
exclusively as BPN reactive ferrous iron.
However, it is interesting that reactive fer-
ric iron on the dates sampled represented
78-90% of the ferric iron in the sur-
face water, in turn an average of 45% of
the total iron, and that I did not find large
amounts of nonreactive Fe(IIl) (e.g. fer-
ric oxyhydroxide) at any depth sampled.
These values represented <10% of total
iron. BPN reactive Fe(Il) and reactive
Fe(IIl) (i.e. from acidfree analysis),
which incrcased from 73% in the epilim-
nion to 95% in the hypolimnion, thus repre-
sented a majority of the iron present. The
small remaining fractions in these two
strata were acid-digestible nonreactive iron
[Fe(Il) and/or Fe(III)].

The reducing COM in the hypolimnion
does not form a complex with ferrous iron
more stable than thc BPN-Fe* complex.
The predominant form of Fe(II) was BPN
reactive, contrary to the suggestion of Gjes-
sing (1964) that Fe(II) in highly colored,
pH 4-6 Norwegian watcrs existed as or-
ganic complcxes reactive only after hot

acid digestion. The oxygenated epilimnion
contains principally reactive ferric iron
(84% of ferric iron) and little ferric oxyhy-
droxide. The 2-m stratum, with 0.50 mg
liter! dissolved oxygen, also contains re-
active ferric iron and appears to be the
zone in which the downward-diffusing dis-
solved oxygen first oxidizes the Fe(II)
diffusing upward from the anaerobic hypo-
limnion.

In the low pH range (4-5) of the surface
water of North Gate Lake, the reactive
form of Fe(IIl) is the predominant form
of iron. However, cven though environ-
mental conditions in thesec waters allow
Fe(III) to exist chemically in a reactive
statc, the stable iron analysis and radio-
chemical data prescnted below indicate
that this is in colloidal form.

Labeling experiment—Working on highly
stained lake waters from Alaska, Barsdate
(1970) found that 80% of the cobalt and
68% of the mangancse (in addition to the
organic acids) were retained by dialysis
bags. He belicved that this was due to the
formation of complexes and associations
between metals and the highly dispersed
organic colloids. To make an in situ test
of this hypothesis in North Gate Lake,
Fe-FeCly was carefully added to the sur-
face water in the polyethylene cylinder in
the lake after thermal equilibrium had
becn established with the surrounding wa-
ter (Fig. 3). Slow exchange with the 1-m
stratum took place until cool weather and
wind mixed the upper two layers (day 5).
Slow vertical leakage then occurred from
the 1-m layer through the thermocline for
the rest of the 11-day cxperiment.

Marshall and LeRoy (1972) showed
that *Fe equilibrated with the particulate
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Fig. 3. Tracer (®Fe¢) cylinder experiment in
which the changing thermal regime of the lake
water (A) caused the movement of ®Fe added to
the surface stratum to lower strata (B), and the
total tracer budget for the epilimnion of the cylin-
der (C).

inorganic iron of a South Carolina reser-
voir within 24 h, and that on thc average
65% of the iron was particulate. In the
surface waters of North Gate Lake, 91—
100% of the total activity was filterable
and only 15.5% of the filterable activity
was dialyzable after 11 days, but at 2 m,
up to 63% of the total activity was dialyz-
able. The pcrcentage increasc in the dia-
lyzable activity fraction from the surface
to 2 m was similar to but lower than the
increase in BPN reactive ferrous iron (28
to 72%) betwcen thesc two strata and re-
flects increasing reduction and release of
colloidal to dissolved iron with increasing
depth (Tables 2 and 3).

Colloidal Fe(III) of the surface water
moved down in the cylinder and was re-
duced to dissolved iron [Fe(II)]. This
movement was caused by cooling of the
the surface water and thermal equilibra-
tion between the l-m and surface strata
(Fig. 3). During the cooling period (days
2-5) the rate of loss (-0.210 X 108 cpm d-1)
of activity from thc surfacc agreed well
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with the increase of -+0.185 x 10*8 cpm d-!
at 1 m before mixing. These rates increased
to -0.546 X 10** cpm and +0.576 X 10*8
cpm during mixing (days 5-6). The com-
bined rate of loss of tracer from the surface
(0.756 x 10*8 cpm d-') agreed with the in-
creasc at 1 m (0.759 X 10*® cpm d-'). On
day 6, the recovery of added tracer was
102%. After thermal cquilibration (day 6)
no further tracer was lost at the surface
layer through day 11, when "Fe activity
at the surface layer represented >50% of
the added iron. After mixing, activity was
lost from the 1-m stratum at the rate of
-0.0953 x 10" cpm d-!, a significantly
lower rate than the rate of loss at the sur-
face (days 2-5). However, unlike the sur-

face to 1-m mixing, the loss was not bal-

anced by the total rate of **Fc increase at
other depths (2 m, +0.0190 X 10*8 cpm;
surface, +0.0346 x 10+¢ ¢cpm; 3 m, +0.0012
X 10 cpm), suggesting that 42% of the
loss from 1 m either was held in strata
which were not sampled or had become
concentrated between 1 and 2 m. The un-
accounted for loss of tracer from 1 m,
~0.0405 X 10*% ¢cpm d-! for the 5-day pe-
riod following mixing equals -0.2025 X 10+#
cpm, is 8% of the total 5°Fe added. This
loss, possibly held at the top of the thermo-
cline, appears to bc responsible for the
slight underrecovery (92%) calculated for
the total iron budget at the end of the
cylinder experiment.

During the entire experiment, 80-100%
of the tracer was filterable at all depths
sampled. In this acid bog lake particulate
polymers of iron constituted a minor frac-
tion of the total iron and iron was not re-
moved from the epilimnion by precipitation
and sedimentation. The predominant form
of ferric iron is colloidal. As the colloidal
ferric iron moved to decper layers, it was
reduced to dissolved ferrous iron. How-
ever, a colloidal form of BPN reactive iron
(II) also appcared to be present: at 2 m
72% was BPN reactive ferrous iron and
only 63% dialyzable ferrous iron.

In summary, the organic matter in North
Gate Lake docs not require sorption to col-
loidal inorganic ferric iron to be nondialyz-
able. Along with the COM, the iron of the
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surface waters was primarily colloidal, but
did not rcact as an inorganic colloid. The
iron spccies of the surface waters [primar-
ily reactive Fe(III)] thus may be colloidal
due to complexation with COM. Although
at 2 m ferrous iron shows significantly less
affinity for the colloidal state and appcars
to be in a dissolved ionic state, a small frac-
tion of COM bound ferrous iron may also
be present.

Comparison with aerobic filtered sam-
ples—Aerobically filtered (0.45-4 mem-
brane) samples were characterized by the
same reaction series used for in situ filtered
samples (Table 3). Since thcse samples
were not and could not be subsamples of
the anaerobic samples, but were from the
samc water layer, exact microgram per
liter comparisons arc not valid. However,
I feel that the rclative forms of iron can be
comparcd, as shown by the high degree of
similarity betwcen the iron species and the
total iron within each of the replicated
acrobic (24 July and 24 August) and an-
aerobic (19 July and 21 July) cxperiments.
Although the results within the replicated
experiments were similar, large differences
between the aerobic and anacrobic results
cannot be attributed to spatial or temporal
variations in the depths sampled.

Exposure to air during filtration (1-5
min) results in major shifts in iron species.
In the oxygenatced waters of the epilimnion,
acrobic filtration caused BPN reactive Fe-
(II), nonreactive Fe(II), and reactive
Fe(IIT) to decrease and nonreactive Fe-
(III) (perhaps ferric oxyhydroxide) to in-
crease. These changes indicate that the
filterable iron in the surface water is in a
chemical state which is changed by further
acration. In the partially oxygenated water
at 2 m, filtration brought about a decrease
in BPN reactive Fe(II) and- nonreactive
Fe(II) and an increasc in reactive Fe(III)
and in nonreactive Fe(IIl). Aerobic fil-
tration of completely deoxygenated water
from 5 and 7.5 m resulted in similar re-
sponses (Table 3). In the anacrobic moni-
molimnion (7.5 m), 41% of BPN reactive
Fe(1I) was lost by aeration, 20% appeared
as nonreactive Fe(Il), and 24% appeared
as reactive Fe(III). Nonreactive Fe(III)
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was not formed. In the two equally deoxy-
genated strata (5 and 7.5 m), the percent-
age of BPN reactive ferrous iron lost by
aeration was identical (43%) and the per-
centages of nonreactive Fe(II) and reactive
Fe(IIT) that appeared werc very close.
Since responses to aeration in these strata
were similar, whereas the response of strata
with different oxygen content (surface and
2 m) differed considerably, the in situ oxy-
gen content seems to regulate changes that
take place on aeration. Apparently the over-
all trend is successive conversion of iron to
a more oxidized and nonreactive state on
aeration of samples from different depths.
However, on aeration of the anaerobic lake
water, a major increasc occurrcd in reac-
tive Fe(IIl), suggesting that COM may
retard the formation of nonreactive Fe-
(IIT). This may also happen in natural
lake water since the former state of iron

predominates in the surface waters of North
Gate Lake.

Discussion

When lake stratification is destroyed, any
dissolved Fc?* in the hypolimnion is oxi-
dized and if the pH is greater than 6.0, the
Fe3* jons that are formed precipitate as
Fe(OH);. Thus, in the oxygenated epilim-
nion of neutral to basic pH lakes, ferrous
iron is not detectable and iron cannot be in
true solution above 17 ug liter'. Since
lakes contain iron above this level, Shapiro
(1967) proposcd, and demonstrated in lab-
oratory studies, the capacity of concen-
trated or chemically extracted organic
acids or their salts to hold large amounts of
iron in apparent solution. IIe concluded
that the mechanism of “solubilization” of
iron at high pH and redox potential is the
formation of a protected sol of colloidal in-
organic ferric iron. Peptized sol formation
has become widely accepted as the mech:-
anism through which organic matter com-
plexes with iron (ITutchinson 1957; Stumm
and Morgan 1970).

Acid bog lakes are diffcrent from the sys-
tems on which a majority of the iron stud-
ies have been done. The presence of a
large amount of COM, high CO. levels,
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low conductivity and alkalinity, and an
acid (4-3) pH may result in iron species
and relationships different from those pre-
viously reported. Elder (1975) demon-
strated in theory that an acid pH alone may
drastically de-cmphasize the importance of
hydroxyl ion as a ligand for metal ions. A
tenfold change in the hydroxide concentra-
tion of the water can produce changes in
species of several orders of magnitude,
even for iron, whose nonhydroxyl coordi-
nation is commonly considered negligible.
Thus, in acid bog lakes ligands other than
hydroxyl ion may be important in complex-
ing iron when dissolved Fe?* is oxidized to
Fe3* ions.

My in situ stable and radiochemical stud-
ies support the laboratory findings of a col-
loidal form of iron only in those oxygenated
epilimnetic waters where ferric iron pre-
dominates. In acid bog lakes, colloidal
iron consists of many reactive species of
iron Il and III, and ferric iron reacting as
a colloidal inorganic complex [e.g. sol of
Fe(OH);] is notably lacking. By chemi-
cal reactivity about 84% of ferric iron is
potentially dialyzable reactive Fe(III).
Since the reactive ferric iron is not dialyz-
able, the colloidal size of this specics can
be explained by complexation with pre-
existing COM. The ligands present in
COM appear to be important in complex-
ing reactive iron at the low pH values en-
countered in bog lake waters. Although
colloidal reactive ferric iron is the major
form of iron in aerobic strata, ferrous iron
is also present, not in trace amounts, but
up to 45% of the total iron. High amounts
of ferrous iron can be maintained in par-
tially oxygenated water by photoreduction
of complexed reactive Fe?*. Other organic
reactive Fe?* compounds (ferric citrate and
ferric EDTA) can be photoreduced to
moderately stable ferrous compounds if not
subjected to oxidizing conditions (Jones
and Long 1952).

In summary, the forms of ferric and fer-
rous iron prevalent in North Gate Lake
were those not requiring acid digestion to
be reactive to BPN, an indication of a lack
of inorganic [Fe(III) and Fe(II)] iron

Koenings

polymers. The hydroxyl ion concentration
in North Gate Lake is up to 10,000 times
less than that in pH 8 lakes from which
most of the published iron data have been
derived. In these low pH lakes, ferric iron
is in a colloidal reactive state through com-
plexation with the colloidal-sized organic
ligands (COM) rather than through inor-
ganic (OH-) complexation and nonreactive
ferric iron [i.e. Fe(OH);] is present in
minor quantities. Instead of organic matter
sorbing at the surface of colloidal inorgani-
cally complexed iron [sol of Fe(OH);] as
in lakes of pH 8, iron in the reactive state
(Fe*) is complexed by COM in highly
stained bog lakes of pH 4-5. This form of
iron once reduced could account for the
residual Fe?*-colloidal BPN reactive iron
found in strata that had recently become
anaerobic.

I feel that in lake waters of pH 4-5 the
iron species present and their reactivities
arc not adequately explained by sol forma-
tion. The chemical environment of stained
(COM) acid bog lakes differs from lakes of
pIl 6-8 in which iron is soon precipitated
as an acid-digestible inorganic complex
[Fe(OH)3] and ferrous iron is not usually
present. I, therefore, propose two mech-
anisms for the binding of iron to organic
matter. The first predominates in highly
colored bog waters (pH 4-5) where the
colloidal naturc of iron is imparted by the
high molecular weight organic acid (or
organic sol) with its bound reactive Fe(III)
and Fe(II). A second mechanism predomi-
nates in nonstained lake waters (pH 7-9),
where the colloidal particle may be a non-
reactive iron sol [c.g. Fe(OII);] main-
tained in apparent solution by sorption of
organic acids to the iron colloid. The
changes in organic matter and, in particu-
lar, in iron with changes in pH (i.e. the
OII- ligand) allow for a differential bind-
ing of iron to organic acids above and be-
low pII 6-7.

Thus, by determining the physical and
chemical states of iron in natural waters,
pIl in combination with the type and quan-
tity of organic matter may control the rela-
tive roles of iron and organic matter in lake
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waters. Since flocculation and subsequent
precipit'ltion of iron has been linked to
puUSpﬂaLc elimination from Ll‘OpﬂOgCﬂlb
waters of neutral to basic lakes, the interac-
tion of iron to phosphate might also differ
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