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FOREWORD

Humic substances as a collective term and humic and fulvic acids as spe-
cific terms are not household words. For about a century, these terms belonged to
the domain of the soil scientist. Even though their chemical structures remained
elusive, they were recognized as important entities in soil. During the past decade
or so, there has been a renewed interest in humic substances in soil and water. Such
interest has resulted from improved analytical instrumentation and by a need to
understand the structure and function of natural organic substances in water.

A responsibility of the U.S. Geological Survey is to assess the Nation’s
water resources; this includes assessing water quality, which is the study of mate-
rial in water. Such material may be suspended, colloidal, or in true solution.
Because humic substances are a major carbon source in water, they have received
attention by Geological Survey scientists. This attention has been a major focus by
members of the Geological Survey’s organic chemistry group. For more than a
decade, this group has collected samples, made analyses, and worked toward
determining the structure and function of humic substances in water. Their work
has brought worldwide recognition to the field and, through Geological Survey
support, in 1981 they helped organize the International Humic Substances Society,
which held its first meeting in Estes Park, Colorado, in August 1983.

At the second meeting of the Society in Birmingham, England, in August
1984, it became apparent that Geological Survey scientists were rapidly advancing
the study of the chemistry of humic substances. It is appropriate, therefore, to pub-
lish this Water-Supply Paper on humic and fulvic acids from the Suwannee River
in Georgia because these results represent the Survey’s most definitive findings to
date (1986). Though this work is not conclusive, it is state-of-the-science. Hope-
fully, the reporting on this work will aid in advancing the science of humic
substances.

Philip Cohen
Chief Hydrologist



PREFACE

This Water-Supply Paper is concerned with
state-of-the-science chemistry of humic and fulvic
acids from the Suwannee River in Georgia. Humic and
fulvic acids are specific entities in the broad category
of humic substances. Although the broad subject in the
chapters that follow concerns humic substances, the
primary focus will be on fulvic acids from the Suwan-
nee River. After a decade of study, there is an im-
proved understanding of the interactions, properties,
and structures of fulvic acids that comprise the major
fraction of dissolved organic substances in water,

Most of the authors of the chapters that
follow are research hydrologists with the U.S. Geo-
logical Survey located in Denver, Colorado. As
project personnel, they work on specific facets of
organic chemistry, primarily natural organic matter in
water. As a group, they devote some of their time
and skill to the study of humic substances in water.
This group focus on humic substances is not acciden-
tal: it is an organized effort to understand the struc-
ture and to improve definition of the function of
humic substances in nature.

The study of humic substances is not a new
scientific activity with regard to soil chemistry; it is,
however, a relatively new field with regard to aquatic
systems. Soil textbooks written before the turn of the
20th century discuss humic substances and fulvic and
humic acids. These discussions are brief: descriptions
of chemical properties are limited to color and solubil-
ity. Only during the past decade or so has the study of
humic substances provided a much clearer understand-
ing of the chemistry and economic and ecological
importance of these substances.

The authors of the chapters in this Water-
Supply Paper have contributed extensively to the
understanding of humic substances in water. To fur-
ther expand the understanding of humic substances in
water and soil, the International Humic Substances
Society was established with the support of the U.S.
Geological Survey.

Why do we study humic substances in water?
That question would have been simple to answer a
decade or so ago because we knew then only that they
were important components of the soil. Today, as our
knowledge expands, there are numerous reasons to
study humic substances in water. Perhaps most impor-
tantly, humic substances constitute a large proportion
of the organic matter (carbon) in aquatic systems. It is
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for this reason that the study of the Suwannee River
began—it is rich in organic matter as aresult of flowing
from the Okefenokee Swamp. Organic-matter produc-
tion is the driving force for all ecosystems; it controls,
through bacterial decomposition, dissolved-oxygen
resources in aquatic systems. But there are other
reasons to study humic substances in water. Humic
substances interact with contaminants, such as pesti-
cides. Moreover, humic substances chelate and trans-
port trace metals and are a source or sink for these
metals. Humic substances also are a source or sink for
atmospheric carbon dioxide, which is a buffer against
acidic precipitation. Finally, they have great effect on
the fertility and moisture-holding capacity of soil.
Modern instrumentation, especially nuclear-magnetic-
resonance spectrometers, gas chromatographs, and
mass spectrometers, has aided in advancing the deter-
mination of structural models of humic substances.
Proposed structural models are presented in this Water-
Supply Paper. As the “black box™ of humic-substance
chemistry is opened, our understanding of the inter-
actions, properties, and structures of humic substances
increases—this aids our understanding of water chem-
istry and, ultimately, of aquatic ecosystems.

However, science continues to evolve, and the
findings in this Water-Supply Paper are part of the evo-
lution of humic-substance chemistry. Because the
authors of the following chapters are at the forefront of
the science, it is time to share the information they have
gathered and the knowledge they have gained—share,
that is, with the full realization that, in this rapidly
changing field, the ideas and concepts presented here
may one day may be outdated or determined to be
incorrect. But that, too, is a characteristic of science. If
this Water-Supply Paper serves only as a historical
benchmark, it will have served its purpose. If it helps
the science of humic-substance chemistry to progress
by stimulating other scientists, or if it provides others
with a greater appreciation of this field of science, it
will have accomplished more than we had planned.

R.C. Averett
J.A. Leenheer
D.M. McKnight
K.A. Thorn
Editors
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CONVERSION FACTORS, VERTICAL DATUM, and ABBREVIATED WATER-QUALITY UNITS

For readers who prefer to use inch-pound units rather than the metric (SI) units used in these chapters, values

may be converted using the following factors:

Multiply metric unit By To obtain inch-pound unit
Length
angstrom (A) 3.937x10~7 inch
centimeter (cm) 3.937x107! inch
kilometer (km) 0.6214 mile
meter (m) 3.281 foot
micrometer (Um) 3.937x1073 inch
millimeter (mm) 3.937x1072 inch
nanometer (nm) 3.937x10-8 inch
Volume
cubic centimeter (cm3) 6.102x10~2 cubic inch
liter (L) 2.642x1071 gallon
microliter (UL) 3.38x1075 ounce, fluid
milliliter (mL) 3.38x1072 ounce, fluid
Mass
milligram (mg) 3.527x10°5 ounce, avoirdupois
gram (g) 3.527x1072 ounce, avoirdupois
microgram (Ug) 3.527x1078 ounce, avoirdupois
Energy Content
kilocalorie per gram (kcal/g) 5.55x1074 British Thermal Units per pound
kilocalorie per mole (kcal/mol) 3.986 British Thermal Units per mole
Pressure
kilopascal (kPa) 0.145 pound-force per inch squared

Degree Celsius (°C) may be converted to degree Fahrenheit (°F) by using the equation:

1.8(°C)+32=°F

The following terms and abbreviations also were used in this report:

Time

day (d)

minute (min)
hour (hr)
microsecond (s)
millisecond (ms)

Vil Conversion Factors

month (mo)
nanosecond (ns)
second (s)

year (yr)




Concentration

gram per cubic centimeter (g/cm3) milliequivalent per liter (meg/L)
gram per milliliter (g/fmL) milligram per liter (mg/L)
microequivalent per milligram (leg/mg) milligram per milliliter (mg/mL)
microgram per gram (pg/g) millimole per gram (mmol/g)
microgram per liter (ug/L) molar (M)
micromole per liter (umol/L) mole per milligram (mol/mg)
milliequivalent (meq) nanomole per milligram (nmol/mg)
milliequivalent per gram (meq/g) normal )

Frequency
kilocycles (kc) megahertz (MHz)
hertz (Hz) gigahertz (GHz)

Other Units
before present (B.P.) millimole (mmol)
gram per square meter per year [(g/m2)/yr] millivolt (mV)
liter per minute (L/min) millivolt per hour (mV/h)
microequivalent (peq) part per million (ppm)
microliter per minute (UL/min) reciprocal centimeter (ecm™1)
microsiemens per centimeter (1S/cm) relative centrifugal force (g)
microsiemens per centimeter at 25 degrees Celsius (uS/cm at 25°C) square kilometer (km2)
milliliter per minute (mL/min) gauss (G)

Sealevel: In this report “‘sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)—a geodetic datum
derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level
Datum of 1929.

Conversion Factors IX



Chapter A

History and Description of the Okefenokee Swamp—
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Abstract

The Okefenokee Swamp is an extensive
wetland in southeastern Georgia and is the
source of the Suwannee River. Reference fulvic
and humic acids from the Suwannee River were
isolated from water collected at a sill where the
Suwannee River leaves the Okefenokee Swamp.
Surface water in the swamp is acidic and darkly
colored. Although there are extensive peat
deposits in the swamp, the source of dissolved
humic substances probably is recent decomposi-
tion of swamp vegetation. The acidity and small
concentrations of inorganic constituents in the
surface water indicate that there is minimal con-
tact with underlying calcareous deposits. The
Okefenokee Swamp is a complex and dynamic
mosaic of different habitats, including forested
upland, forested wetland, scrub-shrub wetland,
and prairie. Important successional processes
and disturbances in the Okefenokee Swamp
include: the formation of tree islands in prairies,
episodic fires during droughts, and logging that
occurred during the last century. The wetland is
home for a diverse fauna that includes the
American alligator. This chapter provides infor-
mation on the physical, chemical, and biological
characteristics of the Okefenokee Swamp as
background for the following chapters that are
concerned with fulvic and humic acids.

INTRODUCTION

The Okefenokee Swamp long has been recognized
as a unique natural area; its picturesque beauty has
been preserved as a National Wildlife Refuge.
Except for afternoon boat explorers and occasional
overnight campers, the wetland is presently uninhab-
ited by man. The area is now, as it was in the past,
home only to alligators, turkey vultures, turtles, deer,
raccoon, bears, and other wildlife.

The wetland has not always been an uninhabited
wilderness. The very name of the wetland, Okefeno-
kee, is a Seminole Indian word meaning, “the land of
the quaking earth” (Cohen, Casagrande, and others,
1984), which reflects the nature of floating peat “bat-
teries,” floating and anchored “tree houses,” and the
unstable condition of peat deposits throughout the
wetland. There are numerous indications that the

wetlands were the home for several different Indian
peoples for several thousand years (Trowell, 1984;
Wright, 1984). The last of the Indian inhabitants
were driven from the Okefenokee Swamp by pioneer
settlers in the early to middle part of the 19th cen-
tury. The wetland then was sparsely settled by these
settlers (known as “swampers” or “Georgia crack-
ers”) who lived a very simple, secluded, and primi-
tive lifestyle for almost a century. Soon after the
beginning of the 20th century, there was a large
influx of lumberjacks and railroad workers who,
under the direction of the Hebard Lumber Company,
began harvesting timber from the wetland, especially
cypress. Some 2 million board feet of timber, repre-
senting a large percentage of merchantable timber in
the swamp, was harvested from 1909 to 1927 (Izlar,
1984). In 1936, after a 20-yr effort by early environ-
mentalists and naturalists in the area and throughout
the Eastern United States, the wetland was repur-
chased by the Federal Government after approxi-
mately 50 yr in private ownership and was
established as a National Wildlife Refuge.

The distinctive folk culture of the swampers
included colorful idioms to describe important activi-
ties in their lives (Presley, 1984). When swampers
talked about a “progue about in the swamp” or “a
good muzog in the swamp,” they were talking about
exploring the Okefenokee Swamp. After spending
only a few days in the wetland, or simply from look-
ing at a map of the mosaic of different wetland habi-
tats that comprise the Okefenokee Swamp, one can
easily imagine that exploring the wetland was a life-
long activity for the swampers.

Unfortunately, all of the researchers who study
the Suwannee River fulvic and humic acids will not
have an opportunity to “progue about” on their own
in the Okefenokee Swamp.

This chapter presents an overview of the geology,
peat deposits, hydrology, water chemistry, and envi-
ronment of the Okefenokee Swamp. This overview is
primarily based on a comprehensive text on the
Okefenokee Swamp (Cohen, Casagrande, and others,
1984). The details in the following chapters will
facilitate interpretation of current and future chemical
characterizations of fulvic and humic acids in the
Suwannee River.

The authors acknowledge Gregor Auble and
David Hamilton, U.S. Fish and Wildlife Service, for
their valuable comments and assistance with this
chapter.
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PHYSICAL AND CHEMICAL
CHARACTERISTICS OF THE
OKEFENOKEE SWAMP

The Okefenokee Swamp, which comprises about
50 percent of the Okefenokee watershed, is an exten-
sive freshwater, peat-forming wetland occupying
approximately 1,700 km? of the Atlantic Coastal
Plain in the southeastern part of Georgia. The wet-
land is ellipsoidal in shape (about 40 km wide and
60 km long). Although the wetland appears to be
perfectly flat, there are measured elevation changes
of approximately 2 to 3 m across 50 km of wetland.
The eastern border is approximately 70 km from the
Atlantic Ocean, and the Florida State line is its
southern border (fig. 1). The Okefenokee Swamp is a
mixed and multiple wetland environment, the
extreme diversity of which must be seen to be truly
appreciated. Dispersed throughout the forested wet-
land (“swamp”) are extensive unforested wetlands
(marshes that are locally called “prairies”); large,
water-saturated, floating or anchored islands of peat
covered with grass, shrubs, and (or) trees (locally
called “tree houses”); large and small, water-
saturated, floating islands of peat covered with grass
(locally called “batteries”); small crescent-shaped
islands of well-drained sand deposits; and small to
moderate areas of open water (locally called “lakes™)
that have water depths sometimes in excess of 7 m
(Cohen, Casagrande, and others, 1984).

The remainder of the Okefenokee watershed is
pine woodland to the west of the wetland. The pine
woodland is a gently sloping sandy area with eleva-
tions ranging from 45 to 55 m above sea level that
borders the Tifton Upland.

Geology

Sediments on which the Okefenokee Swamp was
formed were deposited on the Wicomico surface, an
erosional surface that was formed approximately
220,000 to 420,000 yr B.P. (Hoyt and Hails, 1974).
During late Pleistocene interglacial periods (approxi-
mately 10,000 to 250,000 yr B.P. when several sea-
level changes occurred (Cohen, 1984)), sediments
from the Piedmont and the inland part of the Coastal
Plain were transported back and forth—the establish-
ment of each new sea level resulted in a series of
beach-sand dunes, barrier-island sediments, and
lagoon marsh deposits. In southeastern Georgia and
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Figure 1. Location of the Okefenokee Swamp, Suwannee
River, St. Marys River, Trail Ridge, and other physiographic
features of southeastern Georgia and northeastern Florida
{modified from Pirkle and others, 1977).

northeastern Florida, the area from the Atlantic
Ocean inland for approximately 90 km is referred to
as the coastal terraces province of the Coastal Plain.
The terraces are a series of step-like, relatively flat
surfaces (fig. 2) at successively lower elevations that
generally parallel the coast. The eastern margins of
each terrace are elongated beach-sand deposits or
barrier islands. The Okefenokee Swamp is on the
Wicomico terrace at an elevation of 30 to 45 m
above sea level; its eastern margin is an ancient
beach-sand deposit called Trail Ridge. The terrace is
underlain by the impermeable, calcareous Hawthorne
Formation, a confining unit of Miocene age. With
the lowering of sea level during a period of several
thousand years, the saltwater lagoon inland from
Trail Ridge gradually became a freshwater marsh and
then a freshwater swamp.

The geographic features contributing to the exist-
ence of the swamp are the broad, somewhat flat ter-
race, the Trail Ridge sand barrier, and the generally
impermeable Hawthorne Formation underlying the
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swamp. Additional geologic features that augment
the existence of the swamp are shallow clay lenses
and fossiliferous limestone within the sand deposits
and at the contact of the sand deposits with the Haw-
thorne Formation. These geologic features limit infil-
tration and percolation into the subsurface.

Because of slow percolation, dissolution of calcar-
eous sediments in surface sand deposits and dissolu-
tion of the materials in the Hawthorne Formation has
been a slow and continuous process (Cohen, Casa-
grande, and others, 1984). This dissolution depends
on the rate of percolation of acidic surface water and
the susceptibility of sediments to solubilization. Dis-
solution has resulted in an overall slight deepening of
the wetland and in local formation of deep holes or
solution pits that give the swamp “floor” an uneven,
karst-like surface.

A typical section of surficial and subsurface fea-
tures penetrated by a hypothetical well in the swamp
would be as follows: depths from O to 3 m, water
and dense plant growth; from 3 to 6 m, peat; from 6

to 55 m, interbedded and discontinuous zones of
quartz sand, shell beds, clay, and fossiliferous lime-
stone; from 55 to 135 m, Hawthorne Formation; and
depths greater than 135 m, Ocala Limestone.

Peat Deposits

The inorganic sediments underlying the Okefeno-
kee Swamp are covered by a continuous layer of peat
that varies in thickness from 1 to 4.5 m (Cohen,
Andrejko, and others, 1984). The frequency and
extent of fires that occur during periodic droughts
(every 25 to 50 yr) is believed to be the major factor
that determines thickness of the peat. Other factors
are the type and amount of vegetation, differential
preservation of plant litter, underlying topography,
reworking by organisms, erosion, and redeposition.
The thickness of the peat deposits is extremely vari-
able. Peats from different areas of the wet-land
appear somewhat similar, but six different peat types
are distinguishable by microscopic examination. The
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two most common types are Nymphaea peat and
Taxodium peat, and they comprise more than 80 per-
cent of the total. The Nymphaea peat is formed pri-
marily from Nymphaea odorata, which grows
profusely in open-marsh environments; Taxodium
peat is composed predominantly of the cypress tree
of the genus Taxodium. According to results of car-
bon dating, the oldest basal peats are 6,000 to 7,000
yr old. Therefore, at least 3,000 yr elapsed between
deposition of the saline marine sediments and the
formation of the oldest peat deposits. Peat deposits
also may have formed in the late Pleistocene, previ-
ous to the present Holocene peat deposits. The older
peat deposits were either eroded during interglacial
periods, decomposed in place during warmer periods,
or burned upon drying. Plant growth during the last
7,000 yr has been sufficient to produce a moderate
annual accumulation of plant litter. Because a major
part of the wetland is saturated for most of the year,
the incomplete decomposition of plant litter has
resulted in an almost continuous deposition of peat at
an average rate of about 1 cm/20 yr (Auble, 1982).

Litterfall peaks in the spring and the fall in the
major habitats of the Okefenokee Swamp and ranges
from 230 to 470 (g/m2)/yr (Auble, 1982). The rate of
loss of dry weight for litter is rapid during the first
year after litterfall (38 to 85 percent for herbaceous
litter and 53 to 62 percent for tree-leaf litter); these
rates are comparable to rapid rates in streams and
other aquatic environments. This initial rapid decom-
position is the major pathway for nutrient cycling in
the wetland (Schlesinger, 1978). The subsequent
rates of decomposition of the less readily leached
organic material is much slower; for example, Auble
(1982) determined no loss in dry weight of litter dur-
ing the last 4 mo of a 14-mo study. These slower
long-term rates are a result of anaerobic conditions
and are consistent with observed peat accrual.

The elemental composition of decaying plant litter
rapidly approaches the average elemental composi-
tion of peat (Auble, 1982). The average ash-free, ele-
mental analysis of more than 100 peat samples is 60
percent carbon, 5.5 percent hydrogen, 29 percent
oxygen, 3 percent nitrogen, and 0.4 percent sulfur
(Cohen, Andrejko, and others, 1984). Dry peat has
an average bulk density of 1.10 g/cm3. Wet peat has
a rather uniform acidic pH of 4. Most of the peat is
almost pure and has an ash content that is generally
less than 15 percent. The major ash component (80
percent) is silica with small quantities of kaolinite
clay, iron oxides, and aluminum oxides. Silica impu-

rities are present in the form of sponge spicules and
diatoms, quartz sand, and organically complexed
silica.

Hydrology

The Okefenokee Swamp is drained by two major
rivers: the Suwannee River and the St. Marys River,
which carry approximately 75 percent and 25 per-
cent, respectively, of the surface-water discharge
(Cohen, 1984). The Suwannee River flows south-
westerly from the wetland into the Gulf of Mexico.
The flow path of St. Marys River has several geo-
graphic controls that markedly increase its distance
to the ocean. The river flows south from the wetland
along the western edge of Trail Ridge, then eastward
through a gap in Trail Ridge (fig. 1). The river then
flows almost directly north for 50 km along the east-
ern edge of Trail Ridge before flowing east to the
Atlantic Ocean. The Satilla, Little Satilla, and Alta-
maha Rivers north of and adjacent to the wetland
have cut directly through Trail Ridge in their course
to the ocean.

The 1984 average water depth for the entire
Okefenokee Swamp has been estimated to be 0.5 m
(Rykiel, 1984); however, water depth varies greatly
within the wetland. During 1960-62, an earthen dam
or sill was constructed at the southwestern edge of
the swamp where the Suwannee River flows from
the wetland (pl. 1). The maximum water level of the
wetland at the sill during zero outflow conditions has
risen by 12 cm and extends across the wetland from
the sill for a distance of 60 km. Although the sill was
constructed for the purpose of decreasing fire poten-
tial within the wetland during droughts, the increased
water level may have a pronounced effect on the
overall hydrology, flora, and geochemical processes
within the Okefenokee Swamp.

Rainfall is virtually the only source of water for
the Okefenokee watershed (Patten and Matis, 1984);
the average annual rainfall is 1,300 mm. Approxi-
mately 10 percent of the rainfall on the sandy, pine
woods upland enters the shallow ground-water sys-
tem and emerges as shallow ground-water flow into
the wetland. This source of water accounts for less
than 0.1 percent of the water in the wetland. Surface-
water flow from the uplands accounts for only 15
percent of the water entering the wetland.

Estimates of the hydrologic budget for the
Okefenokee Swamp indicate that evaporative loss
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accounts for 80 percent of water losses; surface-
water flow accounts for 15 percent of the loss; and
seepage or recharge to deep-seated ground waters is
estimated to account for 1 to 4 percent of water
losses (Hyatt and Brook, 1984; Patten and Matis,
1984). These percentages are estimates and illustrate
that little is known of the water budget of the
Okefenokee Swamp.

On the basis of water-budget estimates, the aver-
age turnover or residence time of water in the wet-
land is calculated to be 3 to 4 mo (Patten and Matis,
1984). However, as with water depth, there is likely
to be great variation in residence time of water in
particular locations in the wetland. For example, in
some of the waterways, plant leaves and stems lean
with the current, and plant debris floats with the cur-
rent indicating relatively rapid flow compared to that
in other parts of wetland, where residence times may
be much longer than several months. The relatively
rapid flow rate through some areas of the wetland
partly causes the relative openness and fresh air of
the Okefenokee Swamp. Odors of decaying vegeta-
tion are rarely noticed.

The combined low permeability of peat deposits,
clay lenses and beds in the surficial sand aquifer, and
the Hawthorne Formation restrict the movement of
acidic surface water of the Okefenokee Swamp to the
deep ground-water system, thereby preventing exten-
sive reaction of water with underlying calcareous
sediments. The percolation or recharge of acidic sur-
face water into deeply buried limestone must be min-
imal, because, if it were substantial, acidic waters
would rapidly dissolve calcareous limestones, result-
ing in land subsidence or a substantial deepening of
the water level within the wetland.

Water Chemistry

Three distinctive features of the water quality of
the Okefenokee Swamp and the Suwannee and St.
Marys Rivers are the acidity (indicated by pH of 4),
the small concentration of dissolved inorganic solids
(indicated by specific conductance that ranges from
30 to 60 uS/cm), and the large concentration of dis-
solved organic substances, especially fulvic acids.
The chemistry of these two rivers is similar to that of
the nearby Satilla and Altamaha Rivers, which have
been studied by Beck and others (1974). The acidity
of the water results from organic acids produced dur-
ing anaerobic decomposition of plant litter and peat.

The water in the wetland is supersaturated with car-
bon dioxide and methane—both gaseous products of
decomposition. Fluxes of these gases to the atmo-
sphere are dependent on temperature and water depth
and vary seasonally (Flebbe, 1984). Although
mosses, such as sphagnum, are much less abundant
in the Okefenokee Swamp than in many Northern
United States and European wetlands, sphagnum,
which releases an unusually large concentration of
organic acids during decomposition and increases
acidity by cation exchange, is also a possible contrib-
utor to the acidity of the water flowing from the wet-
land. The acidity and small concentrations of
inorganic species of all surface water in the wetland
are further indications that underlying calcareous
sediment has little or no effect on water chemistry.

The average concentration of inorganic constitu-
ents in swamp water are: calcium, 0.60 mg/L (0.030
meq/L); magnesium, 0.45 mg/L (0.037 meg/L);
sodium, 3 mg/L (0.130 meg/L); potassium, 0.2 mg/L
(0.005 meq/L); and chloride, 6 mg/L (0.17 meg/L)
(Auble, 1984). On the basis of evaporative losses,
rainfall accounts for 74 percent of the calcium
concentrations and 68 percent of the potassium
concentrations.

Average concentrations of the same elements in
shallow ground water from the sands and shell beds
below the peat and above the limestone deposits are:
calcium, 4.1 mg/L; magnesium, 1.2 mg/L; sodium, 3
mg/L; potassium, 0.54 mg/L; and chloride, 6.5 mg/L
(Hyatt and Brook, 1984). These concentrations are
about 7 times greater for calcium, about 2.5 times
greater for magnesium, and about 2.5 times greater
for potassium than the corresponding concentrations
in surface water. Average concentrations of four of
the five elements in ground water at depths of 150 to
200 m are: calcium, 60 mg/L; magnesium, 23 mg/L;
sodium, 23 mg/L; and potassium, 2.1 mg/L.

The surface water of the Okefenokee Swamp is
darkly colored; a common misconception is that the
color is caused by tannins or tannic acids. In actual-
ity, the color is caused by dissolved humic sub-
stances. The concentration of dissolved organic
carbon (DOC) of wetland water usually is about
50 mg/L; 75 percent of the DOC is comprised of
humic substances (fulvic-acid to humic-acid ratios
generally are 9:1); 15 percent of the DOC consists of
hydrophilic acids; and 10 percent of the DOC is
composed of hydrophobic and hydrophilic neutral
species (McKnight and others, 1985). Basic organic
compounds generally occur in concentrations that are
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less than reliable detection limits (less than 1 percent
of the DOC).

One common misconception is that humic sub-
stances in waters of the Okefenokee Swamp are
derived primarily from extensive peat deposits in the
watershed. This theory is apparently false because
the average carbon age of the peat is several thou-
sand years old, but the radiocarbon age of humic
substances isolated from the Suwannee River is 0 to
25 yr—this cannot be statistically distinguished from
zero age (E.M. Thurman and R.L. Malcolm, written
commun., 1987). The recent age of the dissolved
humic substances is consistent with the observed
rapid leaching of litterfall (G.T. Auble, University of
Georgia, written commun., 1986). The sources or
precursors of surface-water humic substances are
apparently fresh litter, leaf, and root exudates, and
leaf leachates; there are only small contributions
from older, slowly decaying peat.

MAJOR HABITATS IN THE
OKEFENOKEE SWAMP

According to the National Wetland Inventory
classification system (Cowardin and others, 1979)
the Okefenokee Swamp is more than a large, com-
plex wetland—it is a palustrine, acidic, freshwater
wetland with organic soil and an intermittently
exposed hydrologic regime. There are four major
habitat classes that form the wetland mosaic (pl. 1):
forested upland, forested wetland, scrub-shrub wet-
land, and prairie. The vegetation-distribution map
presented on plate 1 has been adapted from the more
detailed map by McCaffrey and Hamilton (1984) that
was prepared using infrared aerial photography and
on-site verification. Habitat subclasses presented on
plate 1 include (1) the five subclasses of the forested
wetland habitat: needle-leaved evergreen, broad-
leaved evergreen, broad-leaved deciduous, needle-
leaved deciduous (cypress), and mixed broad leaved
and needle leaved, and (2) the two subclasses of
prairie habitat: aquatic macrophyte and herbaceous.
Within the scrub-shrub wetland class, which covers a
large area of the wetland, there is a great diversity of
subclasses (nine altogether)—thus, the wetland is
actually even more of a complex mosaic than is
apparent from plate 1.

All habitat classes are interrelated hydrologically
through the network of canals, lakes, and prairies and

through surface-sheet flow and the ground-water
flow system. The following section summarizes the
description of the four major habitat classes by
McCaffrey and Hamilton (1984), beginning with the
forested upland and ending with the open water of
the prairies. Then, the dynamic processes by which
the mosaic of habitats in the wetland is formed and
maintained will be described.

Forested Upland

Slash pine (Pinus elliottii) is the dominant vegeta-
tion of upland areas that surround the Okefenokee
Swamp and of the raised sand islands within the wet-
land itself. These islands are accessible by boat or
canoe and were important locations for swampers and
logging operations in the early 1900’s. Billys Island,
for example, was a town site during the logging
period and had a barbershop and two saloons.

Most of the uplands along the wetland borders
currently (1988) are managed for timber production.
However, there has been no logging on the islands
within the Okefenokee Swamp since the establish-
ment of the National Wildlife Refuge in 1936.

Forested Wetland

The needle-leaved evergreen wetland subclass
corresponds to the extension of slash pine from the
uplands into adjacent wetlands. Periodic flooding
and a shrub understory characteristic of the shrub
wetlands distinguish this subclass from the forested
upland.

The broad-leaved evergreen wetland subclass is
composed of bay forest with some sphagnum-moss
ground cover, small patches of shrubs, and a few
cypress and pine trees. The bay trees are of medium
height; common species are loblolly-bay (Gordonia
lasianthus), swampbay (Persea palustris), sweetbay
(Magnolia virginiana), large gallberry (llex coriacea)
and dahoon (1. cassine).

Large cyprus stands dominated by pondcypress
(Taxodium ascendens) comprise the needle-leaved
deciduous wetland subclass. The cypress stands gen-
erally have a subcanopy of bay trees, a scrub-shrub
understory, and some sphagnum moss ground cover.
Prior to the logging operations during the early
1900’s, the coverage of the Okefenokee Swamp by
large cypress stands was more extensive. Based on
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knowledge of the life history of the pondcypress, it
seems unlikely that the pondcypress will rapidly
reclaim its previous coverage from the blackgum
(Nyssa sylvatica var. biflora) forests that grew after
logging (Hamilton, 1984).

The dominant vegetation of the broad-leaved
deciduous wetland subclass is the blackgum. This
subclass occurs mainly in the western part of the wet-
land (pl. 1) and is present as mature stands where
cypress trees were previously logged. The subcanopy
of this subclass may include bay, red maple (Acer
rubrum), and shrubs; sphagnum moss may be found
as a ground cover.

The mixed forested wetland has four different
dominance categories: bay-cypress, mixed cypress,
cypress-shrub-prairie, and mixed pine. The inclusion
of all of these in one subclass in plate 1 further mini-
mizes the actual complexity of the distribution of
vegetation in Okefenokee Swamp.

Scrub-Shrub Wetland

The scrub-shrub wetland class includes three sub-
classes based on vegetational dominance: (1) broad-
leaved shrubs (evergreen and deciduous)—fetterbush
(Lyonia lucida), large gallberry (Ilex coriacea),
dahoon (1. cassine), inkberry (I. glabra), titi (Cyrilla
racemiflora), and others; (2) deciduous scrub (needle-
leaved and broad-leaved)—young cypress and black
gum trees, and (3) mixed scrub-shrub. The mixed
scrub-shrub subclass has seven dominance categories.

Prairie

The prairie includes two classes according to the
classification method of McCaffrey and Hamilton
(1984): emergent herbaceous prairie and aquatic mac-
rophyte prairie. In the context of the swampers of the
Okefenokee Swamp, prairie refers to shallow marshes
where the vegetation is either floating or submerged
to some extent, and this usage has been continued in
the scientific literature. These prairies commonly
have small floating or anchored islands of shrubs and
trees that are called tree houses. The emergent herba-
ceous prairie generally is dominated by sedge (Carex
spp.) and panic grass (Panicum sp.); it includes other
species such as pitcher plant (Sarracenia sp.) and
water lily (Nymphaea sp.). The aquatic macrophyte
prairies include a variety of rooted and floating

vascular plants, nonperennial emergent plants, and
algae. Common species are white water lily (Nym-
phaea odorata), cow lily (Nuphar luteum), golden
club (Orontium aquaticum), and bladderwort (Utricu-
laria sp.). The productivity and composition of the
Utricularia-periphyton microecosystems follow well-
defined cycles related to fluctuations in temperature,
water depth, pH, and other environmental characteris-
tics (Bosserman, 1983).

SUCCESSIONAL PROCESSES AND
DISTURBANCES IN THE
OKEFENOKEE SWAMP

Other than islands of forested uplands within the
wetland, the current mosaic of different habitats that
comprise the Okefenokee Swamp is the result of both
incremental, gradual processes that occur continually
in the wetland and of major events or episodes, such
as fire and logging. The general successional
sequence begins with prairies. Cypress and a variety
of shrubs typically invade prairies and, once estab-
lished, function as nuclei for further colonization.
This process eventually converts an area of prairie
into a patch of cypress swamp. At this point, black-
gums and bays typically invade. In the absence of fire,
bays eventually will replace cypress on drier sites and
blackgum will become dominant on wetter sites.

Formation of Tree Islands

A conspicuous feature of the prairie habitats is the
presence of tree houses—small to large, discrete clus-
ters of shrubs and trees appearing abruptly from the
prairie. Tree houses may be completely or partially
detached from surrounding peat; they may be bulges
in the peat mat; or they may form by the aggregation
of many small clumps of peat. Cypert (1972) hypothe-
sized that tree houses are formed by plant coloniza-
tion of floating masses of peat that are brought to the
water surface by the buildup of gases in submerged
anaerobic peat. Gas bubbles collected from the wet-
land have large concentrations of methane; it is
hypothesized that gas bubbles form from a methane
nucleus when methane production is sufficiently rapid
(King, 1984). Islands of floating peat (without shrubs
or trees) are called batteries.

Cypert (1972) and Rich (1976) describe the plant
species succession that occurs once a battery has risen
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to the water surface. First, water lilies die and are
replaced by such species as sundew (Drosera sp.),
orchids, or bladderwort (Utricularia sp.); these spe-
cies are rapidly crowded by sedge. After several
years, shrubs and trees begin to grow among the
sedge, and the battery becomes a rooted tree house. A
variety of shrubs, such as fetterbush (Leucothoe axil-
laris), buttonbush (Cephalanthus occidentalis), and
cypress trees commonly are found on tree houses. The
colonization of batteries by cypress is dependent on a
nearby seed source (Hamilton, 1984). Tree houses
also may be formed by plant colonization of peat
accumulations or by spreading lateral root systems
around established cypress trees; subsequent succes-
sion is similar to that described for batteries. This suc-
cessional sequence has been confirmed by palyno-
logical and petrographic analyses (Rich, 1984). Tree-
ring analysis also has shown that, as a tree house
matures, large trees in the center of the house shade
the shrubs and smaller trees of the subcanopy; it has
also shown that the ground surface becomes higher
and drier because of the accumulation of litter and
roots (Duever and Riopelle, 1984).

Palynological and petrographic analyses also indi-
cate that the formation of tree houses from the float-
ing batteries is an important process in the long-term
transition from prairie to forested wetland. Examina-
tion of large tree houses indicates that they originated
as small tree houses that expanded with continued
colonization of the borders by woody shrubs and
trees. Thus, formation of tree houses is a nucleation
process for the invasion and expansion of the cypress
forest in prairies. In turn, the major restraints on this
expansion are episodic fires during droughts.

Episodic Fires

Before the installation of the large sill across the
Suwannee River at the southwestern edge of the wet-
land, the water level in the wetland would decrease as
much as 1 m during drought. The dry, exposed peat
(moisture content less than 30 percent) was readily
ignited by lightning, and large areas frequently would
burn for weeks or months. Major fires involving large
parts of the wetland are known to have occurred in
1844, 1860, 1910, 1932, and 1954-55 (Hamilton,
1984). Fire generally maintains the prairie habitats by
inhibiting the expansion of forested islands. Fires,
therefore, correspond to periodic local disturbances

that are important in maintaining habitat mosaics in
many different environments (Hamilton, 1984).

Fires in the wetland vary in their extent and sever-
ity. For less severe fires, the vegetation may return to
its pre-fire condition within several years. Severe,
intense fires can burn 30 cm or more of the peat and
kill all mature shrubs and trees. It was reported that,
during the fire in 1844, the peat was burned com-
pletely in numerous places, forming the currently
existing lakes in the Okefenokee Swamp (Hamilton,
1984).

Logging

Mature stands of cypress were logged by the
Suwannee Canal Company prior to 1897 and by the
Hebard Lumber Company from 1909 to 1927. The
primary areas that were logged were between Suwan-
nee Creek and Billys Island and Floyds Island (Izlar,
1984). It has been estimated that during the latter
period most of the remaining merchantable cypress
trees in the swamp were harvested (Hopkins, 1947).

Analysis of aerial photographs of the swamp indi-
cate that the area that was logged most recently
(1984) is dominated by dense growth of shrubs and
either black gum sprouting from stumps or new
growth of broad-leaved evergreen trees (Izlar, 1984).
Although cypress can sprout from stumps that are as
much as 200 yr old, most of the logged cypress trees
ranged from 400 to 900 yr old. Stump sprouting,
therefore, has not been a means of reestablishment of
the cypress forest (Duever and Riopelle, 1984). Fur-
ther, natural seeding as a reestablishment process has
been limited because: (1) almost all cypress trees
were cut in the logged areas, and (2) cypress seeds,
which are dispersed by flowing water, have limited
spatial distribution and will only germinate under very
limited environmental conditions. Hamilton (1984)
concluded that the cypress forest will not regenerate
in most of the area that was logged and that the pro-
cess will take hundreds of years in the limited areas
where the cypress forest is returning.

ANIMAL LIFE IN THE
OKEFENOKEE SWAMP

The Okefenokee Swamp is a diverse and unique
ecosystem for supporting animal life. Not only do the
prairies, wetlands, and lakes provide diverse habitats,
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but numerous upland islands, shorelines, small batter-
ies, and houses also provide terrestrial habitats.
Cypress and pine trees in and around the wetland pro-
vide a rich arboreal habitat. The following summary
of animal life in the Okefenokee Swamp is based on
works of Russel (1973) and Laerm and others (1984).

Strictly aquatic organisms include the numerous
species of warmwater fish. Among these are the large-
mouth bass (Micropterus salmoides), Florida gar
(Lepisosteus platyrhincus), several species of suckers
(Erimyzon sucetta and Minytrema melanops), pirate
perch (Aphredoderus sayanus), bluegill (Lepomis
spp.), bowfin (Amia calva), brook silverside (Labides-
thes sicculus), Eastern swamp darter (Etheostoma
Jusiforme), pickerel (Esox spp.), and bullhead (Ictalu-
rus spp.). Their importance to the swamp ecosystem
is substantial because they are a major food source for
birds and mammals. Moreover, some of the fish
directly convert plant tissue to animal tissue.

Major amphibians in the wetland are several spe-
cies of frogs of the genera Hyla and Rana. At least 10
species of the family Hylidae and seven species of the
family Ranidae have been identified.

The largest reptile in the Okefenokee Swamp is the
American alligator (Alligator mississippiansis).
Russel (1973) stated that, during the late 1960’s and
early 1970’s, there were an estimated 10,000 alliga-
tors in the swamp. He stated that this estimate was
much less than estimates for earlier times. Although
the alligator population probably is much smaller than
in the past, it is common for a visitor to observe sev-
eral alligators during an afternoon boat trip in the wet-
land. The average length of an alligator from the
Okefenokee Swamp is about 2.5 m, although earlier
measurements have recorded them to be as long as
about 7 m.

The reptiles next in size to the alligator are the
numerous species of snakes. The Eastern coachwhip
(Masticophis flagellum flagellum) and the North Flor-
ida black snake (Seminatrix pygaea pygaea) are repre-
sentative of nonpoisonous types from the family
Colubridae. The poisonous species inhabiting the
swamp are the Florida cottonmouth (Agkistrodon pis-
civorous conanti), three species of rattlesnakes (two
of which are the common Crotalus spp. and Sistrurus
miliarius barbouri), and the uncommon Eastern coral
snake (Micrurus fulvius fulvius). About 40 species of
snakes have been observed in the swamp (Laerm and
others, 1984). Although snakes are numerous, it is
rare for a visitor to the Okefenokee Swamp to encoun-
ter a snake.

In contrast, visitors probably will see several tur-
tles resting on logs protruding from the waterways
and warming themselves in the sunshine. The com-
mon snapping turtle (Chelydra serpentina serpentina)
and the alligator snapping turtle (Macroclemys tem-
miniki) are found in the wetland. Also present are
seven species of the family Emydidae, such as the
Florida box turtle (Terrapene carolina carolina) and
four species of the family Kinostemidae, such as the
striped mud turtle (Kinosternon bauri palmarum).

Semiaquatic mammals include the river otter (Lon-
tra canadensis vaga) and the round-tailed muskrat
(Neofiber alleni exoristus). Visitors commonly will
see otters swimming in the open waterways. In the
terrestrial habitat, the whitetail deer (Odocoileus vir-
ginianus virginianus) and black bear (Ursus amenica-
nus floridanus) are the largest mammals in the
Okefenokee Swamp. In decreasing size, there is the
cougar (Felis concolor coryi), boar (Sus scrofa), bob-
cat (Lynx rufus floridanus), gray fox (Urocyon cinere-
oargentus floridanus), raccoon (Procyon lotor
elucus), opossum (Didelphis virginiana pigra), sev-
eral species of rabbit (Sylvilagus spp.), and squirrel
(Sciurus spp.). Visitors probably will see many of the
smaller terrestrial mammals, but sightings of the
larger mammals are more rare.

The abundant vegetation provides a variety of
arboreal habitat types, and the variety of bird life
ranges from the common robin (Turdus migratorius)
to reported sightings of the reportedly extinct ivory-
billed woodpecker (Campephilus principalis). The
pileated woodpecker (Dryocopus pileatus) is a com-
mon species in the wetland and is often mistaken for
the ivory-billed woodpecker. The Okefenokee Swamp
is used as a resting and nesting area by waterfowl,
including the green-winged teal (Anas crecca), mal-
lard (Anas platyrhynchos), American widgeon (A.
americana), scaup (Aythya affinis), and wood duck
(A. clypeata). Large birds include the turkey (Melea-
gris gallopavo), found on the shore and islands, as
well as the great blue heron (Ardea herodias) and
white ibis (Eudocimus albus), found along shallow-
water areas. Predatory birds include the osprey (Pan-
dion haliaetus), which feeds on fish, the peregrine
falcon (Falco peregrinus), and the red-shouldered
hawk (Buteo lineatus). On boat trips, turkey vultures
(Cathartes aura) are commonly observed sitting in
the upper branches of cyprus trees. Smaller birds
include thrushes (Catharus spp.), the tufted titmouse
(Parus bicolor), and the eastern wood pewee (Conto-
pus viren).
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The Okefenokee Swamp is a complex ecosystem.
Majestic cypress trees and ominous alligators are the
most easily observed and most vividly remembered
of the flora and fauna of the wetland. Although the
myriad of smaller animals and plants living in the
water, soil, and vegetation are not as readily observed
by the casual visitor, these organisms are of equal or
greater importance because they are the primary pro-
ducers, herbivores, carnivores, or decomposers. Their
function in the swamp ecosystem, therefore, is para-
mount to the dynamic ecosystem structure of the
Okefenokee Swamp.

SUMMARY

The Okefenokee Swamp is a complex mosaic of
plant and animal habitats, with vistas overlooking
aquatic prairies, flowing canals, and majestic stands
of pine, cypress, and black gum. The large concentra-
tion of dissolved humic substances in the wetland is
the cumulative result of the geology, hydrology, and
ecology of the swamp. Rainfall is the primary water
source, and evaporation is the primary water loss. The
average water depth is estimated to be 0.5 m, and the
average residence time of water is estimated to be 3 to
4 mo. In the past, episodic fires have been a natural
interruption to the gradual succession from prairie to
forested wetland and, therefore, have created the com-
plexity of habitats and open areas found in the wet-
land. The Okefenokee Swamp remains a refuge for a
variety of animals, including the American alligator.
This brief description of the Okefenokee Swamp illus-
trates that the swamp is a mosaic of life and, as subse-
quent chapters will show, a producer of fulvic and
humic acids.
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Chapter B

Isolation of Fulvic and Humic Acids

from the Suwannee River

By R.L. Malcolm, G.R. Aiken, E.C. Bowles, and J.D. Malcolm
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Abstract The XAD-8 resin procedure of fulvic- and

Dissolved fulvic and humic acids from the
Suwannee River in southeastern Georgia were iso-
lated during a period of 2 months by procedures
using XAD-38 resin. During that time, approxi-
mately 17,000 liters of river water were processed,
yielding 570 grams of fulvic acid and 84 grams of
humic acid. The fulvic and humic acids are
believed to be representative of dissolved fulvic
and humic acids in blackwater streams of the
United States. Fulvic and humic acids comprised
approximately 75 percent of the dissolved organic
carbon (average of 38 milligrams per liter during
the sampling period) in the Suwannee River; these
high concentrations of fulvic and humic acids
enabled the maximization of fulvic- and humic-
acid isolation from a minimum amount of water.

humic-acid isolation from stream water represents
present state of the art. Advantages and disadvan-
tages of the procedure are discussed.

INTRODUCTION

The Suwannee River is one of many dark-brown
streams of the United States. Colored streams in the
Southeastern United States are different from most
colored streams because they exist in a region that
has a long and productive growing season, where
rainfall is abundant and well distributed throughout
the year, where the winters are mild and short with
temperatures seldom being less than 0°C, where
decomposition is relatively unhindered during the
winter, and where there is no spring flush of organic
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decomposition intermediates and products. The
Suwannee River is unique because it contains highly
colored water along its entire length—from its source
in the Okefenokee Swamp to its estuary in the Gulf
of Mexico. Other unusual characteristics of the river
are that it generally is a large river in a very sandy
area and that it usually has a constant discharge
throughout the entire year.

Scientists have thought for many decades that the
brown color of the water in the Suwannee River was
due to the presence of organic matter. The water has
been studied by several hydrologists and chemists—
one of the most notable was Professor A.P. Black and
his coworkers of the University of Florida during the
1950’s. He precipitated colored organic components
by alum (Fe3+ and A3+ sulfates) coagulation. The col-
ored matter from whole-river-water samples was also
isolated by freeze-concentration and freeze-drying
methods (Black and Christman, 1963a, 1963b).
Organo-metallic interactions in the Suwannee River
were studied by Casagrande and Erchull (1976),
Giesy and Briese (1977), and Alberts and Giesy
(1983). Both colloidal and dissolved organic constitu-
ents were associated with numerous metal ions and
oxides. J.H. Reuter and K.C. Beck (Georgia Institute
of Technology, written commun., 1975) stated that
dissolved organic matter in the Suwannee River was
the major control of its water chemistry.

REASONS FOR SELECTING THE
SUWANNEE RIVER SAMPLING SITE

The Suwannee River at its source at the Okefeno-
kee Swamp was selected as the site for large-scale
sampling of stream humic substances for several rea-
sons:

1. It was determined that humic substances in the
Suwannee River were generally representative of
humic substances in blackwater streams of the
United States.

2. The concentration of humic substances in the
Suwannee River is about an order of magnitude
greater than that in most natural stream waters;
dissolved organic carbon (DOC) concentrations
are in excess of 25 mg/L.

3. Humic substances in the Suwannee River have
been sampled on a reconnaissance basis during
the past 20 yr by the U.S. Geological Survey,
which has long-term water-quality and water-
discharge measurements for the river.

4. The headwaters of the Suwannee River occur in
the remote, sparsely populated Okefenokee
Swamp of southeastern Georgia; therefore, the
stream is generally free of anthropogenic inputs.

5. The Suwannee River contains relatively low con-
centrations of dissolved inorganic constituents
and suspended sediment; specific conductance
usually is below 50 uS/cm, and suspended sedi-
ment organic carbon (SOC) concentrations usu-
ally are 2 to 4 mg/L. The low concentrations of
dissolved organic constituents and SOC facili-
tated relatively fast filtration of the water and
resulted in low ash contents in isolated humic
substances.

6. There is easy access to the river for sampling
equipment, and convenient space for temporary
laboratory and trailer facilities exists. Electrical
power also is available.

7. Long-term water-quality records for the Suwan-
nee River document that only moderate varia-
tions in both organic and inorganic water quality
exist either throughout the year or from year to
year. Therefore, the planning and execution of
large-scale sampling was not limited to any par-
ticular period of the year.

Even though the stream DOC varied from 35 to 50
mg/L during the 2-mo sampling period, we feel that
the composition of humic substances remained rela-
tively constant. This conclusion is based upon the
similarity of previous reconnaissance data from the
Suwannee River and the relatively constant percent-
age of DOC breakthrough from the XAD-8 isolation
columns. Most streams have a tendency to increase in
DOC concentration with increased discharge that
accompanies rainfall during all periods of the year.
The minor changes in DOC during the sampling
period were attributed to this phenomenon. Many
streams in colder regions of the United States have a
pronounced spring flush upon snowmelt and soil
thawing during which organic constituents such as
DOC are two to three times higher than during other
periods of the year. This type of spring flush is not
observed in the Suwannee River or other local
streams.

During the period of development of XAD-8 resin
technology for the isolation of humic substances from
natural water, an experiment was conducted during
1978 to determine the efficiency of isolation of humic
substances from the Suwannee River and from other
rivers. The XAD-8 resin isolation method removed
95 percent or more of colored humic substances from
natural waters.
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The humic and fulvic acids were characterized by
elemental analyses, solid-state carbon-13 nuclear-
magnetic-resonance (13C-NMR) spectrometry, liquid-
state 13C-NMR spectrometry, 'H nuclear-magnetic-
resonance spectrometry, molecular-size analyses,
molecular-weight distribution, E/FEg ratios, titrimetry
data, and functional group analyses. The results of
these characterizations of Suwannee River humic and
fulvic isolates were compared with a number of
stream humic substances that were isolated from sev-
eral streams throughout the United States by the same
XAD-38 resin techniques. The humic isolates from the
Suwannee River were similar to isolates from the
other rivers in most of the characterizations. Because
of these similarities in chemical nature, it may be that
humic substances from the Suwannee River are gener-
ally representative of stream humic substances
throughout the United States.

SAMPLING OF RIVER WATER

An earthen sill with a concrete spillway across the
Suwannee River at the south end of the Okefenokee
Swamp was constructed in 1967 to maintain a rela-
tively constant water level in the swamp. Earlier
efforts to drain parts of the swamp during logging
operations had rendered it vulnerable to fire during
infrequent dry periods. The water level in the swamp
is maintained by removable wooden planks in a con-
crete spillway near the midpoint of the sill that was
in the natural channel of the upper Suwannee River.
Water samples were pumped at a point above the
concrete spillway from a depth of 3 to 4 m into 36-L
glass jugs. The electric pump was lubricated with
water and used a stainless-steel impeller. Electrical
power was supplied by a small portable electric gen-
erator. Pump tubing consisted of well-leached 2.5-cm
diameter polyethylene tubing. Some water samples
were scooped from the surface with a plastic con-
tainer and then transferred to glass containers.

The water sampling site was approximately 10
miles from the field laboratory where the water was
processed. The site was accessed by truck over a
limited-access State Park road. Water samples were
collected daily in amounts dictated by the rate of
water filtration and processing. This ensured that the
maximum period from water sampling to organic mat-
ter concentration on the XAD-8 resin was no longer
than 2 days.

FILTRATION OF THE WATER SAMPLE

Unfiltered river water was transferred from the
glass sampling jugs to Millipore stainless-steel
pressure-filtration canisters (20-L capacity). Each
canister was connected in parallel to two Millipore
stainless-steel plate filter holders (142 mm in dia-
meter) by separate, flexible, stainless-steel hoses
fitted with quick-disconnect joints. Each plate filter
holder held a replaceable Osmonics silver membrane
filter of 0.45-um pore size. Each canister was pres-
surized by a small tank of nitrogen (high-purity
grade). The filtration pressure was increased in
34-kPa increments from 0 to 413 kPa during a 2-day
period. In less than 1 hour, the filtration rate was
reduced to a dropwise flow. This dropwise flow rate
slowly diminished during a 3-day period at which
point the membrane filters were changed. The fil-
tered water was collected in 36-L glass jugs. Fifty of
the 142-mm stainless-steel plate filter holders were
used in the filtration process. The pressure canisters
were monitored and refilled periodically before they
became empty so that DOC leakage resulting from
crushing of algae and bacterial cells was prevented.

Four Millipore stainless-steel plate filters (293 mm
in diameter) were also used to accelerate the filtration
process. Silver-membrane filters were not available in
this large size; therefore, Gelman vinyl-metricel filters
of 0.45-pum pore size were used. These four plate-
filter units were connected in series to a stainless-steel
reservoir that had a capacity of 220 L. The reservoir
was pressurized with a large, Q-size container of
nitrogen.

The entire water sample was pressure filtered. The
parts of the sample filtered through the two different
membrane filters were kept separate and were pro-
cessed independently: the part filtered through the
silver-membrane filters was designated as the stan-
dard sample, and the part filtered through the vinyl-
metricel filters was designated as the reference sam-
ple. After a number of tests, it was determined that the
silver-membrane filter neither contaminated the fil-
tered water with DOC nor sorbed any of the numerous
organic solutes found in natural water. In contrast, the
vinyl-metricel membrane filters had two limitations.
These filters contained a detergent coating to facilitate
wetting and initial water flow through the filter. These
filters also sorb small amounts of humic substances.
These two limitations in the use of vinyl-metricel
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membrane filters were overcome by leaching the fil-
ters at a slow flow rate for a 12-hour period with
Suwannee River water. During this period, the deter-
gent was completely leached from the filters, and the
sorptive capacity for humic substances was saturated.
The water filtered during this leaching was discarded.

CONCENTRATION OF
HUMIC SUBSTANCES

At the time of the sampling, the XAD-8 resin was
the most suitable resin for the concentration and isola-
tion of humic substances from water (Malcolm and
others, 1977; Aiken and others, 1979). Other resins
such as Duolite A~7 (Leenheer and Noyes, 1984;
Aiken, 1985) may be considered for use at the present
time. The XAD-1, XAD-2, and XAD-4 resins were
determined to have a lower capacity for humic sub-
stances than did the XAD-8 resin. Due to the small
pores of the XAD-2 and XAD-4 resins, humic sub-
stances were excluded, and part of the humic sub-
stances sorbed were irreversibly fixed by the resins
and could not be recovered. The XAD-7 resin could
not be used due to excessive breakdown and resin
bleed in basic solution. The XAD-38 resin did not
exhibit any of the limitations.

XAD-8 resin is an uncharged but slightly polar
resin composed of polymerized methyl ester of poly-
acrylic acid. The polymer has a limited cross linkage
to give an effective hydrated-pore size that enables all
the macroporous network of the resin to be available
for sorption of natural humic solutes that are much
larger in size than simple specific organic solutes such
as benzoic acid, phthalates, and so forth. The resin
was extensively cleaned of unpolymerized material
and impurities by repeated and sequential Soxhlet
extraction with diethyl ether, acetonitrile, and metha-
nol (Thurman and Malcolm, 1981).

After filtration, water in the 36-L glass jugs was
acidified to pH 1.95+0.05 with 6 N HCL. The pH of
water in each jug was measured several minutes after
mixing to ensure that the pH was slightly below 2.0.
Each acidified sample was pumped onto a 9-L col-
umn of XAD-38 resin at a flow rate of 1 L/min. The
tubing to and from the peristaltic pump consisted of
Teflon, except for the 15-cm polyvinyl tubing in con-
tact with the pump roller. The flow rate of 1 L/min

corresponded to 5 bed volumes per hour, which is
considerably less than the critical flow rate of 10 bed
volumes per hour; therefore, time was adequate for
complete equilibration of the humic solutes with the
resin sorbent. A volume of 272 L of water was
pumped onto the XAD-8 resin column before elu-
tion. This volume of water results in a theoretical col-
umn distribution coefficient (k) of 62. At a k” of 50,
approximately 95 percent of the colored humic sub-
stances contained in the 272-L water sample was
sorbed by the resin. The real k’ was believed to be
near 50, or a reduction of 20 to 25 percent in sorptive
capacity due to the high DOC of 30 to 40 mg/L,
which is 5 to 10 times higher than the DOC concen-
tration in most surface waters. For a complete discus-
sion of k’ and the chemical quantification of sorption,
refer to Leenheer (1981).

The adsorbed humic substances were back-eluted
from the XAD-8 resin column using three column
void volumes (approximately 15 L) of 0.1 N NaOH at
a flow rate of 350 mL/min. The basic solution was
followed by 0.1 N HCI solution until the column elu-
ate became acidic in preparation for the next batch of
filtered water. The column flow was reversed, and the
next part of the filtered water sample was pumped
onto the column.

This elution technique enabled the collection of a
highly concentrated center part or “center cut” of
humic substances elution in a 1-L volume. The humic
substances in this part were in excess of 1,000 mg/L
as carbon and required no further concentration. This
part of the eluate was acidified immediately to pH 2
and stored on ice for transport to the laboratory in
Denver, Colorado. The 1-L part of the eluate prior to
the “center cut” and the 4-L part after the “center cut”
were combined in a separate container and placed in
an ice bath for later reconcentration. The void vol-
umes during elution prior to the retained parts and
until the eluate became acidic were combined, acidi-
fied to pH 2, and added to the filtered river sample for
the next column run. After 10 column runs, the accu-
mulated “‘other than center cut” concentrated organic
eluates were reconcentrated as a separate run on the
large XAD-38 resin column. The final reconcentra-
tions were conducted on smaller columns of XAD-8
resin. Virtually all of the humic substances were
adsorbed upon reconcentration with minimal losses.
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SEPARATION OF FULVIC AND
HUMIC ACIDS

All of the elution “center cuts” and the reconcen-
trated humic substances were mixed in a 36-L glass
container and acidified to pH 1.0 with concentrated
HCIL. In the well-homogenized concentrate, the carbon
concentration was approximately 1,000 mg/L. A car-
bon concentration of 500 mg/L is the minimum value
for rapid and complete precipitation of humic acids.
The concentrated sample was chilled to 2°C in an ice
bath; the precipitated humic acids were resuspended
several times over a 2-day period and then allowed to
settle. The precipitated humic acids were separated
from the soluble fulvic acids by centrifugation.

DESALTING, HYDROGEN SATURATION,
AND FREEZE-DRYING

The fulvic acid solution contained high concentra-
tions of sodium and HCI. The major portion of these
ions and salts was removed by desalting on an
XAD-S8 resin column. Fulvic acids at pH 1.0 were
pumped slowly onto a large column of XAD-8 resin
until the observed color of the sorbed fulvic acids
extended approximately one-third down the length of
the column. At this time, pumping of fulvic acid
ceased and pumping of deionized water began.
Specific-conductance monitoring of the effluent was
initiated at this time using a flow-through cell. Dur-
ing leaching of the acidic salt solution from the void
volume of the column, the specific conductance
decreased rapidly. Concurrent with acid removal, the
pH increased, and the fulvic acid began to move
slowly down the column. The column was rinsed
with deionized water until the specific conductance
was decreased to 250 pS/cm. The XAD-8 resin col-
umn was then back-eluted with five column volumes
of 0.1 N NaOH. Color due to fulvic acids was nor-
mally observed to elute from the column during rins-
ing when the specific conductance decreased to less
than 700 to 800 uS/cm. These colored washings, col-
lected until the specific conductance decreased to
250 uS/cm, were acidified and added to the next
desalting run.

The XAD-8 resin column was back-eluted rapidly
with 0.1 N NaOH, the dilute first part of the back
eluate was mixed with the initial, concentrated, basic
part of the elution, and the solution was passed

rapidly through a small column of hydrogen-
saturated exchange resin (“precolumn”). This proce-
dure minimized the contact time of fulvic acid with
base. The last part of the base eluate of fulvic acid
was introduced directly into the cation-exchange
resin column. The purpose of the precolumn was not
to completely hydrogen saturate the fulvic acid but to
remove most of the sodium and to neutralize the
basic solution. The solution of fulvic acid was below
pH 4.5 after the pretreatment. The solution of fulvic
acid then was passed at a fast, dropwise rate through
another hydrogen-saturated resin exchange column
for complete hydrogen saturation. After complete
hydrogen saturation, the sodium concentration was
less than 0.02 mg/L.

The precipitated humic acid was kept moist with
deionized water until it was desalted and hydrogen
saturated. To desalt the humic acid, it was solubilized
in dilute NaOH, and the DOC concentration was
adjusted to 500 mg/L or less as carbon. The solution
then was adjusted to pH 2.0 and pumped slowly onto
a large XAD-8 resin column. At this point, the proce-
dure used for desalting the humic acid is the same as
that for fulvic acid. To accomplish hydrogen satura-
tion of the humic acid without precipitation in the
cation-exchange resin column, it is imperative that the
humic-acid concentration in solution not exceed 500
mg/L as carbon during passage through the cation
exchange resin, Concentrations of humic acid in
excess of 500 mg/L frequently precipitate and clog
the cation exchange resin, necessitating a repeat of the
desalting procedure. The hydrogen-saturated fulvic
and humic acids were freeze-dried, homogenized, and
stored in glass vials for future characterization and
use.

ADVANTAGES AND DISADVANTAGES OF
THE ISOLATION PROCEDURE

Major advantages of this isolation procedure for
stream humic substances are:

1. Over 95 percent of the colored humic substances
in water, as defined by the XAD-8 procedure, are
concentrated and recovered.

2. Humic substances are not excluded from the
XAD-38 resin nor are they irreversibly sorbed by
the XAD-8 resin.

3. Other classes of organic compounds such as
polysaccharides, simple sugars, and low-
molecular-weight organic acids are not isolated
with the humic substances.
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4. Inorganic acids and salts are not included with
humic substances by the isolation procedure, nor
is dialysis (with associated losses of humic sub-
stances) required to remove inorganic salts.

5. Inorganic cations are reduced to low concentra-
tion in fulvic and humic acids by the ion-
exchange method.

6. Humic substances are rendered relatively free of
mineral and particulate constituents by filtration.

7. The XAD-8 procedure is one of the mildest and
most effective quantitative methods for the
isolation of dissolved humic substances and for
separation of humic substances from other or-
ganic and inorganic constituents in water. This
procedure was the major method of preparation
that was available in 1982 when the isolation
was accomplished.

Possible disadvantages of the procedure are:

1. Acidification to pH 2 changes the humic associa-
tion with silicon and metal ions.

2. Exposure to acid and base conditions and freeze-
drying may cause chemical alteration of the orig-
inal humic substance.

The possible disadvantages tested for this proce-
dure are probably of minor consequence when com-
pared to the advantages, especially if the freeze-dried
sample is redissolved in water before experimental
use. Many of the reactions that occur upon drying are
readily reversible upon rewetting. A short contact
time with base was employed to minimize hydrolytic
reactions of the humic substances (Bowles and others,
chap. L, this volume).

CONCLUSIONS

The XAD-8 resin procedure was successful in iso-
lating a large quantity of humic substances because:

1. DOC concentrations in the water were high (aver-
age of 38 mg/L).

2. SOC concentrations were low (less than 2 mg/L);
this facilitated fast filtration of the sample and
resulted in minimal ash content in the isolated
humic substances.

3. Humic substances constituted a high percentage
of the DOC (ranging from 75 to 85 percent) dur-
ing the sampling period.

4. Concentrations of inorganic constituents in the
water were low (specific conductance was less
than 50 puS/cm).

Even though the stream DOC concentrations var-
ied from 35 to 50 mg/L during the 2-month sampling
period, the chemical composition of humic substances

was almost constant. This conclusion is based on the
similarity of data collected for this experiment with
previously collected data from the Suwannee River
and on the almost constant percentage of DOC break-
through from the XAD-8 resin columns. Minor
changes in DOC concentrations during the sampling
period were attributed to this phenomenon.

ACKNOWLEDGMENTS

The assistance of Keith Wheeler, Kevin Thorn,
Diane McKnight, Wesley Campbell, Myron Brooks,
Robert Averett, Al Driscoll, and Julie Goad during the
2-month field collection of fulvic and humic acids is
appreciated.

REFERENCES CITED

Aiken, G.R., 1985, Isolation and concentration techniques
for aquatic humic substances, in Aiken, G.R.,
McKnight, D.M., Wershaw, R.L., and MacCarthy,
Patrick, eds., Humic Substances in Soil, Sediment, and
Water: New York, John Wiley, p. 363-385.

Aiken, G.R., Thurman, E.M., Malcolm, R.L., and Walton,
Harold, 1979, Comparison of XAD mactoporous
resins for the concentration of fulvic acid from
aqueous solution: Analytical Chemistry, v. 52,

p. 1799-1803.

Alberts, J.J., and Giesy, J.P., 1983, Conditional stability
constants of trace metals and naturally occurring
humic materials—Application and verification with
field data, in Christman, R.F., and Gjessing, E.T., eds.,
Aquatic and Terrestrial Humic Materials: Ann Arbor,
Michigan, Ann Arbor Science, p. 333-348.

Black, A.P., and Christman, R.F., 1963a, Characteristics of
colored surface waters: American Water Works Asso-
ciation Journal, v. 55, p. 753-770.

1963b, Chemical characteristics of fulvic acids:
American Water Works Association Journal, v. 55,

p. 897-912.

Casagrande, D.J., and Erchull, L.D., 1976, Metals in
Okefenokee peat-forming environments—Relation to
constituents found in coal: Geochimica et Cosmo-
chimica Acta, v. 40, p. 387-393.

Giesy, J.P., and Briese, L.A., 1977, Metals associated with
organic carbon extracted from Okefenokee Swamp
water: Chemical Geology, v. 20, p. 109-120.

Leenheer, J.A., 1981, Comprehensive approach to prepara-
tive isolation and fractionation of dissolved organic
carbon from natural waters and wastewaters: Environ-
mental Science and Technology, v. 15, p. 578-587.

Leenheer, J.A., and Noyes, T.I., 1984, A filtration and
column-adsorption system for onsite concentration

18 Humic Substances in the Suwannee River, Georgia: Interactions, Properties, and Proposed Structures



and fractionation of organic substances from large
volumes of water: U.S. Geological Survey Water-
Supply Paper 2230, 16 p.

Malcolm, R.L., Thurman, E.M,, and Aiken, G.R., 1977,
The concentration and fractionation of trace organic
solutes from natural and polluted waters using

XAD-8, a methylmethacrylate resin: 11th Annual
Conference of Trace Substances in Environmental
Health Proceedings, Columbia, Missouri, p. 307-314.

Thurman, E.M., and Malcolm, R.L., 1981, Preparative iso-
lation of aquatic humic substances: Environmental
Science and Technology, v. 15, p. 463—466.

Isolation of Fulvic and Humic Acids 19



Chapter C

Interactions of Organic Contaminants with Fulvic and
Humic Acids from the Suwannee River and with
Other Humic Substances in Aqueous Systems—
With Inferences Pertaining to the

Structure of Humic Molecules

By D.E. Kile, C.T. Chiou, and T.I. Brinton

CONTENTS

Abstract.........cceeveeveruenne eereeveeneesennes eetesreeseeeseseieseesterseesserseeaseseeteratertetaesarardan e et S e e e ensngsetat e e bt s st s s bt e bbb e s 22

Introduction . rerterteraessererseeseesessasseserbessetebeeshaeh e a et s et ar e e RS e e e R e S st eae s e be st eaeeaaa st asas st ntere s 22

EXPErimental MEthOUS ...ttt sessssessssesesesssessenssesssnssosessnenssssssssossssnsssssosssensasessssostaosssissssinsssesssnsssssans 24

Results of Solubility ENhancement STAIES..........oceueviierererrirrererernseseserssessessssssssesesssssssssssssssssssssasesssssassesessesssssesensssssssosssosssess 25

Factors Affecting Apparent Water Solubility of Organic SOIULES...........cccccieerereniirerereeresssssesnscsssesssessasmeseassesesessrssssasene 28

Inferences About Characteristics of Suwannee River Fulvic ACKd ........ccceuivuiiveiniiceeieiestersseesteseesstecsssessesssssssssesasssssesasans 30

CONCIUSIONS.....c.ccreereeiienartertentistesesinstestestessestessestessessesssssestosessassassessessassestorsasesssonsessssansassantansesssssesssesassesseasensnssesessssssesesssone 31

ACKNOWIEAZINENL .......cociriuiieniecceceirintrereeteerree et tsssssrasssressest st st ssse et ssessssesesssssessssssesesesesestes someenesesasasesesssmsesentoriessssasssesssens 31

REfETENCES CEA......c.civirieitrtcteretreee e see et sesese s s sebe et esebessssssssesessansassessssssesesantstnsesestasesassssntssanseserastsesesassansststsorses 31

FIGURES

1-6. Graphs showing dependence of apparent water solubility of selected organic solutes on:
1. Concentration of Suwannee River fulvic acid (25°C, PH 3.9=5.7)....ccvieecieerereeieneseeesensesssseneenseeseas 26
2. Concentration of Suwannee River fulvic acid (25°C, pH 8.5)......cccccennercririnintrenenicnnnseeesesiesesesssninies 26
3. Concentration of Suwannee River humic acid (24°£1°C, PH 4.1-5.5) c.coccvvreeerrernrrrreireneseesenescsssscscens 27
4. Concentration of Sanhedrin so0il humic acid (24°11°C, PH 6.5)......ccccceurrenrrerercneninseneesesesesesssssssesesesesses 27
5. Concentration of phenylacetiC aCid (24°11°C) ....covivveerrrerrernesrresesesaseseseserescssessssnstetesesesesssessssssecsssioses 28
6. Concentration of polyacrylic aCid (24°F1°C).....cuvururirinrerrenrererirsaeserestsesesesasasscssseeasassssssesesssesesssssssssasses 28

TABLES

1. Ash-free elemental analysis of s0il and stream Organic-MAtter EXIIACLS ............ceceevererersrreresersersseessesesassssesssasseseseresans 26

2. Pure-water solubility of selected OIANIC SOIULES ..........ccocrrreuirreorircseresnriesrasissescscssesesssssssrcnsuscssssssessssssessasessssssenssnises 27

3. LogKgom and log Kyoc values of selected organic solutes with Suwannee River fulvic acid, Suwannee River

humic acid, and Sanhedrin soil humic acid reteeseesteessessseseesseeseeasebessseateteateastete s reatt aaesretee st ehtraneaesesbaaasasiasess 29

Interactions of Organic Contaminants With Fulvic and Humic Acids 21



Abstract

Water solubility enhancements of nonionic
organic solutes by dissolved Suwannee River
fulvic acid, by other humic substances, and by
synthetic organic polymers have been deter-
mined. The interaction between a solute and dis-
solved organic matter is accounted for by a
partition model that is compatible with observed
solute solubility enhancements and with the pro-
posed molecular weights and structures of humic
substances. The apparent water solubility of non-
ionic organic solutes increases with increasing
dissolved-organic-matter concentration and
shows no competitive effect between solutes in a
binary-solute solution. The partition coefficients
between dissolved organic matter and water
(K 4om)> as determined for solutes with Suwannee
River fulvic acid, are comparable to those deter-
mined with Suwannee River humic acid and are
approximately 5 to 7 times less than those for a
soil-derived humic acid. The magnitude of this
solubility enhancement is controlled by the
molecular size, polarity, and concentration of the
dissolved organic matter and by the inherent
water solubility of the solute. At a given dis-
solved organic matter concentration, those sol-
utes that are least soluble in water show the
greatest enhancement. Important structural fea-
tures in Suwannee River fulvic acid (and in
other humic macromolecules that promote a par-
tition interaction) are low polarity, high aromatic
content, and a molecular configuration and con-
formation that permits the formation of a sizable
intramolecular nonpolar organic environment.

INTRODUCTION

An important consideration in assessing the trans-
port and fate of an organic pollutant in an aqueous
system is its interaction with naturally occurring
organic matter. A fundamental knowledge of the
mechanism of interaction between anthropogenic
compounds and dissolved organic matter, such as ful-
vic acid and other humic substances, in relation to the
structure and chemical composition of dissolved

organic matter is important for a better understanding
of the transport and fate of contaminants within an
aquatic system. Because aquatic fulvic acids are
recognized to be the predominant component of
intermediate-molecular-weight organic matter in natu-
ral water (Aiken and others, chap. J, this volume;
Malcolm, 1985), a detailed study of the effect of
aquatic fulvic acids on the behavior of organic pollut-
ants is of theoretical and practical interest.

Dissolved organic matter may modify the behavior
of certain organic contaminants by specific or non-
specific interactions if these interactions result in
improved stability of the compounds. From a hydro-
dynamic standpoint, this effect would increase the
apparent water solubility of the contaminants and,
therefore, promote their transport in the water body.
From a molecular standpoint, this interaction
decreases the fraction of free contaminant species that
may be susceptible to degradation and distribution to
other aquatic compartments. It has been reported, for
example, that dissolved organic matter at relatively
low concentrations in water sorbs a significant
amount of the 1-octyl ester of (2,4-dichlorophenoxy)
acetic acid and, hence, decreases its apparent rate of
hydrolysis relative to that in water containing no dis-
solved organic matter (Perdue and Wolfe, 1982). Sim-
ilarly, the volatilization rate of 2,2",5,5'~tetrachloro-
biphenyl was decreased by dissolved organic matter
because of an apparent increase in the solubility of the
compound (Hassett and Milicic, 1985); an increased
rate of photolysis was observed for certain organic
compounds in the presence of dissolved organic mat-
ter (Zepp and others, 1985). Other studies demon-
strated that dissolved organic matter reduced the
bioavailability of some polynuclear aromatic hydro-
carbons (Leversee and others, 1983; McCarthy, 1983;
McCarthy and Jimenez, 1985) and decreased the
apparent sorption coefficients of dichlorodiphenyl-
trichloroethane (DDT) (Caron and others, 1985) and
some polychlorinated biphenyls (PCB) (Gschwend
and Wu, 1985) with sediments.

Earlier studies indicated that the magnitude of sol-
ubility enhancement of a nonionic organic solute
depends on the concentration and source of the dis-
solved organic matter as well as the type of organic
compound. Wershaw and others (1969) found that the
presence of 0.5 percent soil-derived sodium humate in
water increased the apparent solubility of DDT to
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more than 200 times that in pure water; Poirrier and
others (1972) reported that DDT was concentrated by
a factor of 15,800 into an organic colloid isolated
from a natural surface water. On the other hand,
Boehm and Quinn (1973) reported that fulvic acid in
a marine sediment increased the apparent solubility of
some higher alkanes but did not increase the apparent
solubility of the more water-soluble aromatic com-
pounds. Carter and Suffet (1982) found that the mag-
nitude of the DDT sorption coefficient with dissolved
organic matter varied with the source of dissolved
organic matter as well as the pH. Caron and others
(1985) subsequently illustrated that a low concentra-
tion of dissolved sediment-derived humic acid
strongly influenced the sorption coefficient of DDT
but had little effect on the sorption coefficient of the
more water-soluble lindane. Similarly, Haas and
Kaplan (1985) demonstrated that humic material has
only a small effect on the solubility of toluene, which
also has a high water solubility. Thus, from a funda-
mental point of view and from the results of previous
studies, one would expect that water solubility
enhancement by dissolved organic matter would be
most significant for those solutes that are relatively
insoluble in water.

Given that solubility enhancement is most signifi-
cant for the least water-soluble organic solutes, it is of
interest to consider which of the properties of dis-
solved organic matter are most important to solubility
enhancement. In principle, a dissolved macromole-
cule (i.e., natural organic matter) can produce an
enhancing effect on solute solubility either by chang-
ing the solvency of the solution or by a direct solute
interaction via adsorption or partitioning. It is
unlikely that dissolved organic matter at the relatively
low concentrations that are typically found in natural
aquatic systems would have a strong effect on water
solvency. It is also doubtful that the solubility
enhancement of a nonionic organic solute by dis-
solved organic matter could result from a complex-
ation or other specific interaction because the
hydrophilic functional groups of a humic molecule
would be preferentially associated with highly polar
water molecules.

Considering the fact that humic substances are
species of intermediate molecular weight that contain
nonpolar moieties within their molecules, Chiou and
others (1986) suggested that a partition-like interaction

of the nonionic organic solute with the dissolved humic
substance is responsible for solute solubility enhance-
ment. The effectiveness of such an interaction is con-
sidered to be a function of the size and polarity of
dissolved organic matter. Thus, humic molecules of
sufficiently large size witharelatively nonpolarintramo-
lecular environment would effectively promote solute
partitioning, whereas an organic substance of low molec-
ular weight or a highly polar organic polymer would
not effectively promote such a partition interaction. For
the solute, the important properties that promote parti-
tioning are low water solubility and significant com-
patibility with the organic phase (as characterized by
solutes having high partition coefficients between an
organic solvent, i.e., octanol, and water).

If one assumes that the water solubility enhance-
ment of an organic solute by fulvic acid from the
Suwannee River or by other dissolved organic matter
is due to a partition-like interaction between the solute
and macromolecule, then the magnitude of this effect
with respect to both the solute and a specific dis-
solved-organic-matter molecule may be defined as:

S, *=S,+XC, M

where
Sw* is the apparent solute solubility in water con-
taining dissolved organic matter at concentra-
tion X,
Sw is the solute solubility in pure water, and
C, is the mass of solute partitioned into a unit
mass of dissolved organic matter.
In accordance with this model, a solute partition
coefficient (Kgom) between dissolved organic matter
and pure water may be defined as:

@]

0
Kdom = S—— @)

€

Substituting equation 2 into equation 1 gives:
So¥=Sy (1+XKyom) ?3)

If C, and X are defined in terms of the organic
carbon content, equation 3 may also be written as:

Sw*=Sy (1+XKyoc) @
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where

Kyoc is the corresponding partition coefficient
based on the dissolved organic carbon content.

According to equation 3, the magnitude of solubil-
ity enhancement is determined by the XKgom term,
which, in turn, is related to the concentration of the
dissolved organic matter (X) and the solute partition
coefficient (Kgom). The magnitude of Ky, depends
on the type of solute and the nature of the organic
macromolecule. For a given solute-dissolved-organic-
matter system, the K4, can be determined experi-
mentally by measuring the apparent solute solubility
over a range of dissolved organic matter concentra-
tions. A plot of Sy, * versus X should yield a straight
line: the slope equals Sy Kgom, and the intercept
equals S,.

In a study by Chiou and others (1986), experi-
ments were conducted to determine solubility
enhancements of some environmentally significant
pollutants by Suwannee River fulvic acid and other
soil and aquatic humic acids as well as by high-
molecular-weight polyacrylic acids over a range of
concentrations that are typical in natural aquatic
systems. These studies were conducted with highly
purified humic substances to eliminate possible com-
plications by inorganic components (i.e., ash) in the
samples. Since humic substances from different
sources vary significantly in composition and struc-
ture, a comparison of a solute's solubility enhance-
ment (for example, the magnitude of Kgom) by
different dissolved-organic-matter samples and a
study of the variation of the Kjom, values for different
solutes with a given dissolved organic matter facili-
tates an evaluation of the important structural features
of Suwannee River fulvic acid and other humic sub-
stances that promote solute solubility in water. These
structural considerations are substantiated in this
study by a further investigation of the effect of an
alkaline pH on the solubility enhancement of selected
organic solutes by natural dissolved-organic-matter
species and by an investigation of the solubility
enhancement of selected organic compounds using
high-molecular-weight polyethylene glycol as the dis-
solved organic matter. Results are summarized in this
chapter in relation to the properties of the solutes and
to the composition, polarity, configuration, and con-
formation of the organic macromolecules.

EXPERIMENTAL METHODS

Test solutes (p,p”-DDT, 2,4,5,2",5"-PCB, 2,4,
4’-PCB, lindane, and 1,2,3-trichlorobenzene) and
cosolutes used as dissolved organic matter (phenyl-
acetic acid and polyacrylic acid) were reagent grade
or analytical standards purchased from commercial
sources (Aldrich and Analabs) and were used as
received. The humic and fulvic acids used in this
study were in a freeze-dried, hydrogen-saturated form
with a low ash content. The fulvic acid and humic
acid were concentrated from water collected from the
Suwannee River, near Fargo, Georgia, using tech-
niques incorporating XAD-8 resin chromatography.
The sample was subsequently fractionated into humic
and fulvic acids at a pH of 1.0 and then purified by
the method of Thurman and Malcolm (1981) and
Malcolm and others (chap. B, this volume).

The pH of the reconstituted Suwannee River fulvic
acid varied from about 3.9 at a concentration of 94
mg/L to 5.7 at 9.4 mg/L, and the pH of the humic-acid
solution from the Suwannee River ranged from
approximately 4.1 at a concentration of 91 mg/L to
5.5 at 9.0 mg/L. The solution pH was not adjusted for
most solute-solubility-enhancement experiments con-
ducted with fulvic and humic acids from the Suwan-
nee River because the dissolved organic matter
remained completely soluble at all concentrations.
However, in a separate study of DDT solubility
enhancement, the pH of the fulvic-acid and humic-
acid solutions from the Suwannee River was
increased to 6.5 in order to compare the result with
the enhancement effect by the soil-derived humic acid
at pH 6.5.

In addition to the aquatic fulvic and humic acids
described above, a soil-derived humic acid was used
in this study to supplement the evaluation of the mech-
anism of solute—dissolved-organic-matter interactions.
The soil humic acid (provided by R.L. Malcolm, U.S.
Geological Survey) was obtained by alkaline extrac-
tion of the surface horizon (A1) of the Sanhedrin soil
series collected in the Mattole River Valley in Mendo-
cino County of northern California. Subsequent frac-
tionation and purification of the Sanhedrin soil humic
acid followed established procedures (Malcolm,
1976). Complete solubilization of the lyophilized San-
hedrin soil humic acid was accomplished by adjusting
the hydrated sample to a pH of approximately 10 and
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subsequently converting it to a hydrogen form by
passing the solution through a hydrogen ion-exchange
column (Bio-Rad AD-50W-X8, 20-50 mesh). The pH
of the 100 mg/L Sanhedrin soil humic-acid solution
thus prepared was approximately 4.0; this pH was
adjusted to 6.5 to prevent any precipitation of the
humic acid at higher concentrations during
centrifugation.

In other experiments, phenylacetic acid, poly-
acrylic acid, and polyethylene glycol were used as
reference models of dissolved organic matter;
solutions containing these organic compounds were
prepared without pH adjustment. The concentration of
phenylacetic acid was extended to more than
600 mg/L to facilitate a more accurate assessment of
the enhancement effect. The pH of this solution varied
from 3.7 at a concentration of 720 mg/L to 4.1 at
100 mg/L. The pH of a polyacrylic acid solution, with
an average molecular weight of 90,000 daltons, varied
from about 4.4 at a concentration of 100 mg/L to 5.3
at 10 mg/L, while the pH of a solution of the same
compound with an average molecular weight of 2,000
daltons ranged from approximately 4.1 at a concentra-
tion of 100 mg/L to 4.7 at 10 mg/L.

The solubility enhancement of a solute by dis-
solved organic matter was determined by equilibrat-
ing an excess quantity of the solute in a series of
solutions containing increasing concentrations of
dissolved organic matter, ranging from 0 to 100 mg/L
(0 to 600 mg/L for phenylacetic acid). In addition, the
solubility enhancements of 2,4,4’-PCB and
2,4,5,2’5"-PCB as binary solutes in water containing
Sanhedrin soil humic acid were determined. The
effect of alkaline pH on the solubility enhancement of
organic solutes by Suwannee River fulvic acid and
other humic substances was determined by measuring
solute solubility in a series of parallel solutions where
the pH was adjusted to 8.5.

Duplicate samples were equilibrated for 12 to 18
hours on a reciprocating shaker at 24°+1°C. Excess
solute was separated by a series of centrifugation
steps (1 hour at 2,987 g) followed by removal of the
residual solute from the solution meniscus. A 2-mL
sample was withdrawn and extracted with an equal
volume of n-hexane (Baker, reagent grade) and subse-
quently analyzed by packed-column gas chromatogra-
phy (3 percent OV-1 on 100/120 Supelcoport) using
either an electron capture detector (for DDT and
PCB) or a flame ionization detector (for lindane and

trichlorobenzene). The recovery efficiency for this
extraction procedure was greater than 95 percent for
all solutes tested. A more complete account of this
procedure is given by Chiou and others (1986).

Elemental analyses of the humic substances used
in this study were obtained to give an indication of
their respective compositions (table 1). These analy-
ses were performed by Huffman Laboratories Inc.,
Golden, Colorado.

RESULTS OF SOLUBILITY
ENHANCEMENT STUDIES

The dependence of the apparent water solubility
(Sw*) of p,p™-DDT, 2,4,5,2’,5’-PCB, and 2,4,4'-PCB
(as single solutes) on the concentration of Suwannee
River fulvic acid is shown in figure 1, with the fulvic
acid concentration ranging from O to about 94 mg/L.
Concentrations of the humic substances presented in
figure 1 as well as in figures 2 through 4 have been
corrected for the ash and moisture content of the lyo-
philized samples. The apparent water-solubility val-
ues shown in figures 1 through 4 represent averages
of duplicate determinations; the error bars indicate the
range of variation. The results in figure 1 represent
solute solubility determined at the original Suwannee
River fulvic acid solution pH of 3.9 to 5.7. No signif-
icant difference in solute solubility was observed
when the solution pH was adjusted to 6.5 (data not
shown), indicating that the magnitude of enhancement
was not pH sensitive throughout this range. A linear
increase in apparent water solubility with increasing
concentrations of dissolved fulvic acid is shown in
figure 1. The relative solubility enhancement factors
(Sw*/Sy) for these three solutes follow the order of
p.,p™-DDT > 2,4,5,2",5"-PCB > 2,4,4’-PCB. Solubility
of selected organic solutes in pure water (Sy) is pre-
sented in table 2.

The apparent solubility of lindane in water con-
taining Suwannee River fulvic acid is included in
figure 1. There is no discernible solubility enhance-
ment for lindane in the same concentration range of
Suwannee River fulvic acid.

The apparent water solubility of p,p"-DDT,
2,4,5,2,5’-PCB and 2,4,4’-PCB at pH 8.5 and in the
same concentration range of Suwannee River fulvic
acid is shown in figure 2. The solubility enhance-
ment of these solutes at this pH is less than that at
pH 3910 5.7.
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Table 1. Ash-free elemental analysis of soil and stream organic-matter extracts

[Values in percent, on moisture-free basis]

Humic substance C H 0 N S P Total Ash
Suwannee River fulvic acid 53.78 4.24 40.28 0.65 0.60 0.01 99.56 0.68
Suwannee River humic acid 54.22 4.14 39.00 1.21 0.82 0.01 99.40 3.18
Sanhedrin soil humic acid 58.03 3.64 33.59 3.26 0.47 0.10 99.09 1.19

Water solubility enhancement of the same three
solutes is shown in figure 3 for Suwannee River
humic acid at pH 4.1 to 5.5, and in figure 4 for
Sanhedrin soil humic acid at pH 6.5. The magnitude
of solubility enhancement for these solutes with
Suwannee River humic acid is essentially the same as
that obtained with Suwannee River fulvic acid, while
that obtained with Sanhedrin soil humic acid is five to
seven times greater than with either Suwannee River
fulvic or humic acid.
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Figure 1. Dependence of apparent water solubility of
p.p-DDT, 2,4,5,2",5’-PCB, 2,4,4’-PCB, and lindane at 25
degrees Celsius on concentration of Suwannee River fulvic
acid (pH 3.9 to 5.7). Error bars indicate range of replicate
analyses.

Solubility enhancement data for 2,4,5,2",5"-PCB
and 2,4,4"-PCB as binary solutes in solutions contain-
ing Sanhedrin soil humic acid are included in figure 4.
Sanhedrin soil humic acid, rather than Suwannee
River fulvic acid, was used for this study because the
substantial solubility enhancement caused by this
humic acid makes a comparison with the single solute
solubility data less ambiguous. In this binary-solute
system, the solubility enhancement for each solute is
virtually identical to that found in the single-solute
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Figure 2. Dependence of apparent water solubility of
p.p’-DDT, 2,4,5,2",5"-PCB, and 2,4,4’-PCB at 25 degrees
Celsius on concentration of Suwannee River fulvic acid

(pH 8.5). Error bars indicate the range of replicate analyses.
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Figure 3. Dependence of apparent water solubility of p,
p’-DDT, 2,4,5,2',5-PCB, and 2,4,4’-PCB at 2411 degrees
Celsius on concentration of Suwannee River humic acid (pH
4.1 to 5.5). Error bars indicate range of replicate analyses.

systems, showing that there is no competitive interfer-
ence between these solutes. The solubility of lindane
and 1,2,3-trichlorobenzene was not affected by
Suwannee River humic acid or Sanhedrin soil humic
acid with the concentration of these dissolved humic
substances extending to about 90 mg/L (data not
shown).

The effect of phenylacetic acid (as low-molecular-
weight dissolved organic matter) on the apparent
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Figure 4. Dependence of apparent water solubility of
p.p’-DDT, 2,4,5,2',5-PCB, and 2,4,4-PCB at 24+1
degrees Celsius on concentration of Sanhedrin soil humic
acid (pH 6.5). Error bars indicate range of replicate
analyses.

solubility of p,p’-DDT, lindane and 1,2,3-trichloro-
benzene, with the concentration of phenylacetic acid
exceeding 600 mg/L, is shown in figure 5. The
p,p’-DDT data shows a slight solubility enhancement,
the magnitude of which is substantially smaller (per
unit mass of dissolved organic matter) than that deter-
mined with the fulvic or humic acids. Lindane and
1,2,3-trichlorobenzene data indicate no apparent solu-
bility effects in the presence of phenylacetic acid.

Table 2. Pure-water solubility (Sy) of selected organic solutes

Water solubility, Sw’ in milligrams per liter

Compound
From literature?! This study
PP -DDT--=----mcmmmeee 5.5 X 1073 (25 °C) 5.4 x 1073 (24 °C)
2,4,5,2',5'-PCB-=======~ 1.0 X 1072 (24 °C) 1.1 X 1072 (25 °C)
2,4,4' -PCB-===-cmmmcmm—e 0.115 (20 °C) 0.116 (25 °C)
1,2,3-Trichlorobenzene-- 16.3 (23 °C) 18.0 (25 °C)
Lindane-~------=cc-ccu-x 7.80 (25 °C) 7.87 (24 °C)

1¢ited in Chiou and others (1986).
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Figure 5. Effect of phenylacetic acid on apparent water sol-
ubility of p,p’-DDT, lindane, and 1,2,3-trichlorobenzene at
2411 degrees Celsius. Error bars indicate range of replicate
analyses.

The inability of polyacrylic acid (molecular weight
= 2,000 and 90,000 daltons; data from higher mo-
lecular weight not shown) as dissolved organic matter
to affect the solubility of p,p’-DDT, 2,4,5,2’,5’-PCB,
2,4,4’-PCB and 1,2,3-trichlorobenzene is shown in
figure 6. Similarly, polyethylene glycol, having
molecular weights ranging from 200 to 3,400 daltons,
exhibited no noticeable solubility enhancement of
p:p’-DDT, when the concentration of polyethylene
glycol was extended to 100 mg/L (data not shown).

FACTORS AFFECTING APPARENT
WATER SOLUBILITY OF
ORGANIC SOLUTES

A comparison of figures 1 through 4 shows that
Sanhedrin soil humic acid is most effective in enhanc-
ing the apparent water solubility of organic solutes
and that p,p’-DDT is the solute most sensitive to dis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>