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Mineral and nutrient cycles in a softwater, acidic lake were studied

using 1 aboratory experiments, littoral mesocosms, and wholelake mass

balances. The primary study site was McCloud Lake, a small (5 ha),

acidic (pH 4.5), seepage lake in the Trail Ridge Region of northcentral

Florida.

Titrations of sediment slurries from McCloud Lake and other soft-

water lakes showed that profundal seediments have an acid neutralizing

capacity (ANC) up to 10 meq/lOO g dry weight. Cation exchange of

calcium and magnesium accounted for over 50% of the ANC in the sediments

examined, while solubilization of aluminum accounted for up to 20% of

the ANC. Exchanges of sodium and potassium were unimportant, as was

sulfate adsorption. An experiment to simulate subsurface seepage to

McCloud Lake showed that littoral sediments could neutralize synthetic

groundwater (pH 3.4 to 6.8) by sulfate reduction and cation exchange.

vi



Chemical analysis of in situ seepage and sediment pore waters confirmed

these results.

Water budget calculations showed that McCloud Lake received 90% of

its water from precipitation and 10% from subsurface flow. Sulfate

entering the lake was lost by an internal sink (sulfate reduction) that

accounted for 37 to 73% of the total input. Assimilation and denitrifi-

cation consumed over 95% of the nitrate entering the lake. Internal

sinks for nitrate and sulfate nearly balanced the proton input to the

lake. Although the mass balance was not sensitive enough to show the

internal source of calcium and magnesium expected from lab experiments,

an analysis of historical trends showed that calcium levels have nearly

doubled while magnesium levels have increased by 34% during the past 14

years in which the proton concentration has doubled.

Littoral mesocosm and laboratory microcosm experiments showed that

nitrification can occur at the sediment-water interface when the pH of

the overlying water is as low as 3.5. Sediment respiration did not

appear to be affected by pH in the littoral mesocosms. An analysis of

historical trends in McCloud Lake nutrient levels revealed no signifi-

cant changes in major nutrient species during the past 14 years. These

results cast doubt on the hypothesis that nutrient regeneration and

decomposition are inhibited in acidified lakes.



CHAPTER 1

INTRODUCTION

Background

Numerous studies have shown that precipitation acidity has in-

creased in large areas of Scandinavia and North America (Dovland et

al. 1976; Cogbill and Likens 1974; Brezonik et al. 1983b). It is

widely believed that increased precipitation acidity has resulted in

the acidification of thousands of poorly buffered lakes and streams

(Grahn et al. 1974; Gjessing et al. 1976; Norton et al. 1980; Scho-

field 1976; Impact Assessment Group 1983).

Acidification has major and often serious effects on lake and

stream ecosystems. In addition to the direct effect of H'*' on osmo-

regulation (Leivestad et al. 1976), decreased pH affects biota through

several indirect mechanisms. Decreased pH enhances the solubility of

toxic metals, and increased concentrations of aluminum, cadmium, zinc,

and lead have been observed in lakes and streams that have become

acidified (Aimer et al. 1978; Norton et al. 1980). Humic acids

precipitate at low pH, accounting in part for the increase in clarity

observed in acidified lakes, and the precipitation of aluminum phos-

phate complexes may decrease lake phosphorus levels (Aimer et al.

1978).

Acidification produces distinct changes in biological communi-

ties. The most not able effect has been the dec line of fish popula-

tions in many rivers and lakes in the Scandinavian countries and in

1
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the Adirondack Mountains of New York (Leivestad et al. 1976; Aimer et

al. 1978; Schofield 1976). Major changes occur in the structure of

phytopi ankton and zooplankton communities, and declining pH clearly

results in decreased species diversity of plankton communities

(Hutchinson et al. 1978; Leivestad et al. 1976; Aimer et al. 1978),

although it is not clear whether primary productivity decreases (see

Hendrey et al. 1976). Grahn et al. (1974) postulated that acidifica-

tion retards decomposition and nutrient regeneration and initiates a

"sel f-ol i gotrophi cati on" process, although subsequent studies have

produced conflicting results (Schindler et al. 1980; Dillon et al.

1979; Hultberg and Andersson 1982).

Objectives

One of the major problems in acid precipitation research is to

elucidate the relationship between precipitation acidity and lake pH.

To develop models for this purpose requires an understanding of the

processes that produce and consume H"*" ions in lakes and their water-

sheds. Current lake acidification models are based on watershed

weathering reactions (Hendriksen 1980; Wright 1982) and ignore in-lake

neutralization processes. Thus, the objectives of the first phase of

this study (Chapter 3) were to identify H''"-neutral i zi ng mechanisms

that occur in the sediments of softwater lakes and to evaluate the

potential of these reactions in neutralizing the overlying water.

Chapter 4 addresses the question of in-lake neutralization using a

mass balance of major ions for McCloud Lake, Florida, to quantify

source and sink terms.

The second phase of this research (Chapter 5) is a study of

decomposition and nitrogen cycling in McCloud Lake. The hypothesis
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that decomposition and nutrient regeneration are inhibited in acidi-

fied lakes has not been thoroughly evaluated, and several recent

studies indicate that nutrient levels do not change substantially upon

acidification or neutralization of whole lakes (Dillon et al. 1979;

Schindler et al. 1980; Hultberg and Andersson 1982). Chapter 5 in-

cludes in situ mesocosm and laboratory microcosm studies to evaluate

nutrient regeneration, a nitrogen mass balance for McCloud Lake, and

an evaluation of historical trends in nutrient levels for this lake.

Site Description

McCloud Lake is a small (5 ha) softwater lake in the Trail Ridge

Region of north-central Florida, approximately 40 kilometers east of

Gainesville. The region is characterized by karst topography and

includes numerous sand hills interspersed by small lake basins that

resulted from solution of the underlying limestone.

The 95 ha watershed is uninhabited and is located on the

Katherine Ordway Ecological Preserve maintained by the University of

Florida. Surficial soils in the watershed are nonspodic marine depos-

its of fine sand, gravel, and sandy clays of the Citronelle Formation.

These surficial deposits are underlain by 24-30 m of phosphatic sands,

sandy clays, and clays of the Hawthorne Formation. These clays act as

a confining layer (aquiclude) that separates the deep Floridan aquifer

from the unconfined, perched water table of the Citronel le Formation

(Brezonik et al. 1983a).

The lake is a simple doline (Figure 1-1) with no defined inlets

or outlets. Most of the water to the lake comes from direct precipi-

tation; the remainder enters as subsurface seepage. Water levels
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* Seepage meters
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Figure 1-1. McCloud Lake bathymetric map.



Table 1-1. Summary of morphometric information for McCloud Lake.

Elevation 36.5-38.0 above NVGD^

Surface area (at 35.6 m) 4.81 ha

4 3
Volume (at 35.6 m) 11.9 X 10 m

Mean depth 2.5 m

Maximum depth 4.6 m

Watershed area 95 ha

^National Vertical Geodetic Datum (approximately mean sea level)
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fluctuate in response to changes in relative rates of precipitation

and evaporation. During 1980-81, the water level was very low due to a

prolonged drought , and the maximum depth was 4-5 m. During 1966-67,

the maximum depth was 6.4 m and the lake had a surface area of 9 ha

(Brezonik et al. 1969), nearly double the 1980-81 area of 5 ha.

McCloud Lake has very low conductivity (< 50 uS/cm at 25° C) and no

alkalinity. The lake has become increasingly acidic during the past 14

years (see Chapter 4), and now has a mean pH of 4.6. The algal standing

crop is small (mean chlorophyll a^ was 6 ug/L in 1981), and the

phytopl ankton community is dominated by six genera: Oocysti s . Pi no-

fa ryon , Mougeotia , Chi amydomonas , Gl enodinium , and Eugl ena (Crisman et

al. 1983). A narrow band of emergent macrophytes surrounds the lake,

and the sparse submergent macrophyte community is composed primarily of

two species: El eocharis sp. and Websteria confervoides (Crisman et al.

1983).



CHAPTER 2

METHODS

A major problem in evaluating historical data relative to the

effects of acid precipitation is the lack of detail provided by ear-

lier investigators on the analytical methods they used. The purpose of

this chapter is to provide details of sample collection, preservation,

and laboratory analyses used in this study. Experimental procedures

are described in the appropriate chapters.

Sample Collection

Throughout this study, samples were collected in linear

polyethylene (LPE) bottles that were washed with soap and water, then

thoroughly rinsed with distilled water. Samples collected for anal-

yses of pH, sulfate, chloride, and conductivity were stored in bottles

that were new at the beginning of the study and were never acid-

washed. At the University of Florida, these were rinsed with dis-

til led, deionized water (DDW) following the soap-and-water wash.

During later experiments (at the University of Minnesota), bottles for

these analyses were purchased new and simply rinsed between use and

filled with DDW during storage. Samples for nutrient analyses were

stored in LPE bottles that had been soaked overnight in 1:1 sulfuric

acid (at the University of Florida) or 10 % HCl (at the University of

Minnesota), then rinsed with DDW. Nutrient samples were preserved by

adding 40 mg/L HgCl2 to the sample bottles (USEPA 1974) or by

freezing. Samples for metals analyses were stored in LPE bottles that

had been soaked in 10 % HNO3 and rinsed with DDW; these were acidified

7
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with HNO3 to reach a pH < 2. Glassware used in sample analyses were

washed the same way as collection bottles.

Samples were collected from McCloud Lake using an acrylic Kem-

merer sampler and were filtered using in-line Gel man Type A-E glass

fiber filters that had been rinsed with 250 mL lake water. In-line

glass fibers were also used to collect samples for -^^N analysis from

the microcosm experiments; filters in this experiment were rinsed with

100 mL HCl + 250 mL DDW. Samples in the sediment titration studies

and in the pore water study were filtered using glass fiber filters

mounted in a syringe-type holder; the entire apparatus was rinsed with

3 fillings of DDW between samples.

Analytical Methods

Cations

Calcium, magnesium, potassium, and sodium were determined by

flame atomic absorption (AA)(Varian Model 175 or Perkin Elmer Model

5000) following methods recommended by the manufacturers. Lanthanum

oxide was added to prevent ionization interferences in calcium and

magnesium analyses (APHA 1981). Aluminum was analyzed by flameless AA

on the Perkin Elmer instrument using settings recommended by the

manufacturer.

Nutrients

Nitrogen species (ammonium, nitrite, and nitrate) were generally

determined by AutoAnalyzer techniques (Table 2-1). Kjeldahl nitrogen

was determined by a scaled-down micro-Kjel dahl technique (APHA 1981)

in which 50 mL samples were digested in a block digester. Ammonium in
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the digestate was determined by AutoAnal yzer. Nitrate in the pore

water study was determined by ion chromatography (described below).

Major Anions

Sulfate and chloride were determined by AutoAnalyzer methods

(Table 2-1) for 1) McCloud Lake water, 2) precipitation and seepage

meter samples, and 3) samples from the sediment-water microcosms. Ion

chromatography (Dionex Model 10) was used to determine sulfate and

chloride concentrations in the seepage column experiments and in the

pore water study. The ion chromatograph was operated at a flow rate of

40% of maximum {r^ 1.0 mL/min) with a 10 cm pre-column, a 250 cm

separator column, and a 250 cm supressor column (Dow Chemical

Corporation)

.

M
Analyses of pH were conducted using an Orion Model 811 pH meter

with a Corning Model 910200 pH electrode at the University of Min-

nesota) and an Orion Model 801 pH meter with the same probe at the

University of Florida. Al 1 pH analyses were conducted within eight

hours of sample collection. Fischer Certified pH Standards were used

to calibrate the pH meter at 4.00 and 7.00 prior to each use. Measure-

ments were made under quiescent conditions, as recommended by Galloway

et al. (1979).

Isotope Ratios

Samples for isotope ratio analyses (^^N/^'*N) of ammonium from the

microcosm experiment (Chapter 5) were prepared by alkaline distilla-

tion (APHA 1981) of 400 mL aliquots into 0.01 N H2SO4. The first 50

mL of distillate was evaporated to < 2 mL by gentle boiling on a hot

plate, cooled, and poured into an AutoAnalyzer tube. To assure
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Table 2-\. AutoAnalyzer methods.

r u 1 ui 1 1 Mpthnd and rpfprpnrp^

Detection
1 imit,
mn / I MnHifiratinn^

Sul fate Mpthvl thv/mnl hi up
1 IV 1 uiiyiiivji L^iuc

IM 226-72W

0 Z Fnr nrpr i ni t t i on <^amnlp^

BaCl2 and MTB reduced to

improve sensitivity.

Phi nri dp FprrirVf^mdp
1 C 1 1 1 ^Jr Oil 1 UC 0.2 "^arrinl p run*; rin<;pd with

DDW.

Nitrate
and

nitrite

Cd reduction/
diazotization.
IM 158-71W/B

0.001 Cadmium wire used instead
of granules at U of F.

Ammonia Phenate
IM 154-71W/B

0.003 EDTA substituted for
r i t r3 tp- ta rt r3 tp rpaopnt

(APHA 1981). Fresh DDW
used for standards. In

later experiments, standard
treated as standard addi-
tion to compute NH^ in DDW.

TKN Kjeldahl digestion
APHA 1981

Digestion modified by using
50 mL aliquots and block
digester. NH3 determined
by automated phenate
method.

^IM = Technicon, Inc. Industrial Methods Series.
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adequate N2 production for isotope ratio analysis, 1.00 mg N as NH4CI

was added to each sample prior to distillation. Isotope ratio analyses

were conducted by Bill Portier at the University of Florida Soil

Science Department using a Micromass 602D double beam mass

spectrometer.

Qual ity Assurance

The correctness of chemical analyses was checked periodically using

external quality control standards (EPA "mineral" and "nutrient"

standards). A low ionic strength pH standard, prepared using H2SO4, was

used to check pH calibrations, as recommended by Galloway et al. (1979).

Sulfate analysis was used to compute the exact pH of the low ionic

strength stock.

Analytical errors were also checked by ion balance calculations.

If al 1 significant ions are measured for a water sample, the sum of

anions should equal the sum of cations. The difference between these

terms can be assumed to represent the analytical errors. Errors in

ion balances were calculated from the equation

E = (A~ - m;^) X 100 (2-1)

where E = error, as %,
A^ = sum of anions, meq/L, and
M = sum of cations, meq/L.



CHAPTER 3

SEDIMENT BUFFERING IN McCLOUD LAKE

Introduction

The development of models to predict the pH response of lakes

to inputs of acid precipitation is a major objective of acid precipi-

tation research. Models currently in use or being developed are

either empirical (e.g. Aimer et al. 1978) or focus on processes occur-

ring in the watersheds of lakes. Several models treat watershed

acidification as a large scale titration in which protons entering the

system via precipitation are replaced by cations, principally calcium

and magnesium (Henriksen 1980; Wright 1982; Thompson 1982). Other

models have been formulated to model short-term variations in stream-

flow chemistry (Chen et al. 1979; Christopherson and Wright 1981).

The role of pH buffering mechanisms that occur at the sediment-

water interface has received little attention in models of lake acidi-

fication although Schnoor et al. (1983) included an in-lake neutrali-

zation term in their "trickle-down" model. The ability of sediments

to neutralize acidity may be particularly important for lakes that

have a small ratio of watershed area to lake surface area and receive

most of their inflow directly from precipitation. These "Type I"

lakes (Schnoor et al. 1983), which are particularly susceptible to

acidification, are common in northern Wisconsin and north-central

Florida. For example, the 13 soft water lakes in the Trail Ridge

Region of north-central Florida surveyed by Brezonik et al. (1983b)

12
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have a mean watershed arearlake surface area of 7.0 (range = 1.4 to

20) and a mean pH of 5.2 (Table 3-1). However, the role of precipita-

tion in the water budgets of these lakes is even more important than

indicated by the watersheds ake area ratios since much of the precipi-

tation fal 1 ing on the sandy soi 1 s of this region passes directly to

the regional water table.

The objective of this chapter is to examine the potential for

sediment neutralization of acid in softwater lakes. The addition of

acid or base to sediment-water slurries was used to determine the

potential magnitude of inorganic neutralization mechanisms under com-

pletely mixed conditions. Other experiments were designed to simulate

natural sediment-water interactions. Chemical changes that occur

during subsurface seepage were evaluated by passing synthetic ground-

water through columns of littoral sediment. Acidification experiments

involving laboratory sediment water microcosms and littoral mesocosms

were used to examine the capacity of sediments to neutralize inputs of

acidity to the overlying lake water. Finally, analyses of sediment

pore waters were used to evaluate the extent of sediment neutraliza-

tion processes J_n situ .

The principal site for this phase of the investigation was

McCloud Lake. McCloud Lake is an ideal site for the study of in-lake

neutralization mechanisms since the lake receives nearly all of its

water directly from precipitation (Chapter 4). Furthermore, the lake

has become more acidic during the past 14 years. Water chemistry data

collected during 1968-69 (Brezonik and Shannon 1971) and 1978-79

(Brezonik et al. 1983b) show that the pH of McCloud Lake has dropped
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from 5.0 to 4.6. The littoral sediments are generally sandy, inter-

spersed with pockets of peat-like material while the profundal sedi-

ments are a soft, highly organic ooze that extend to a depth of

approximately 6 meters.

Sediments from four other lakes in the Trail Ridge group and from

three lakes in northern Wisconsin were included in the batch neutrali-

zation experiments (Table 3-1). Like McCloud Lake, these lakes lack

well-defined inlets or outlets and have water with little buffering

capacity (alkalinity <200 meq/L) and pH values < 7.0.

Mechanisms for Sediment Buffering

Cation exchange and mineral dissolution are undoubtedly re-

sponsible for much of the acid neutralization of watersheds (Henriksen

1980; Thompson 1982). In the wel 1 -weathered soils of Florida, kaolin-

ite and gibbsite are the major clay minerals. Both minerals neutral-

ize acidity during congruent dissolution (Stumm and Morgan 1981);

kaol inite also has a 1 i mi ted cation exchange capacity (CEC) of 1 ess

than 10 meq/100 g resulting from isomorphic substitution and from edge

charges. In the sensitive watersheds of northern Wisconsin, the

dissol ution of fel dspars and other cl ay mineral s may neutral ize

acidity. Organic matter, which has a CEC up to 300 meq/100 g, may

contribute substantially to the total cation exchange capacity of

sandy soils (Yuan et al. 1967) and must be a major component of the

total exchange capacity of lake sediments, which often have an organic

matter content over 80 %. Humic acids in lakes are known to precipi-

tate upon acidification, a process that consumes protons and may

account for the increased clarity observed in acidified lakes (Aimer
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et al. 1978). Conversely, precipitated humic acids may buffer inputs

of base, such as lime, that may be added to neutralize acidity.

There is some evidence that these reactions may result in the

depletion of cations in surficial sediments of recently acidified

lakes. Norton et al. (1981) found lower zinc concentrations near the

surface of sediment cores of 20 lakes in northeastern U.S. and Norway

and suggested that the zinc mobilization was caused by cation ex-

change or solubilization of ZnS. Kahl et al. (1982) reported evidence

of accelerated leaching of Ca^"*", Mg^"*", Mn^"^, and Zn'*'^ in surficial

sediments of three ponds in Maine and proposed that the trend may be

the result of recent acidification. Neither of these studies (Norton

et al. 1981 or Kahl et al, 1982) related the depletion of cations to

the hydrogen ion buffering capacity of the sediments. Cation exchange

was found to be of minor importance in the neutralization of Lake 223

in the Experimental Lakes Area (ELA) of western Ontario during a

whole-lake acidification project (Cook et al. 1982). However, Lake

223 was acidified to only pH 5.1 and it is not known whether cation

exchange may have played a more significant role in buffering at lower

pH level s.

Although the role of sulfate reduction in pH-buffering of sedi-

ments is well-known (Nriagu and Hem 1978), this process has received

little attention as a neutralization mechanism in acid-sensitive

lakes. The one exception is the study by Cook et al. (1982) which

found sulfate reduction to be a major neutralizing mechanism in an

experimentally acidified lake. Over a five-year period approximately

half of the H2SO4 added to ELA 223 was neutralized by sulfate

reduction in the littoral sediments and the anaerobic hypolimnion. This
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work clearly suggests the potential for sulfate reduction as a neu-

tralizing mechanism in lakes receiving acid precipitation. Although

sulfate reduction in culture is inhibited at pH levels below 5 (Zinder

and Brock 1978), this process undoubtedly occurs in neutral microzones

in the environment. Several reports indicate that sulfate reduction

occurs at significant rates in acidic peat bogs. Hemond (1980) re-

ported that 77% of the $04^" entering Thoreau's Bog, Mass., was re-

tained and suggested that di ssimi 1 atory reduction may have accounted

for approximately half of this loss. Collins et al. (1978) isolated

and enumerated sul fate-reducing bacteria, incl uding Desul fovibrio

desul furicans . from a bog that had nominal pH levels of 3.0-4.6 but

gave no indication of the activity of the organisms in the bog.

Rippon et al. (1980) concluded, from $04^" and profiles and ^^504^-

experiments, that sulfate reduction was a significant process in a

Danish bog (pH 4.8-5.2). These reports clearly suggest that sulfate

reduction may be a significant process in acidic environments, includ-

ing moderately acidic lakes.

Sulfate adsorption can occur by two mechansims. Reversible, or

non-specific adsorption occurs when 504^" acts as a counterion on a

positively charged surface (Hsu 1977). In some watersheds, reversible

adsoption results in seasonal stabilization of stream sulfate levels.

During summer, when precipitation is relatively acidic, soil surfaces

become positively charged and SO^^- is adsorbed. During snowmelt,

more neutral water containing less sulfate passes through the soil;

surfaces are neutralized and sulfate is desorbed. This process has

been in watersheds of the Integrated Lake-Watershed Study (ILWAS) in
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the Adirondack Mountains (Chen et al. 1979) and in the Birkeness

watershed in Norway (Christopherson and Wright 1981).

Irreversible sulfate adsorption (also called specific adsorp-

tion) involves a substitution of SO^"^ into the inner sphere of a

metal hydroxide surface. The mechanism proposed by Rajan (1978)

results in the displacement of two hydroxide ions for each sulfate ion

adsorbed

Al Al
/ ^OH ^0 ^0

2+ 2H^ + so/ > 2HoO +

\ .OH ^0^ 0
Al^ Al

(3-1)

Irreversible sulfate adsorption results in a net (permanent)

accumulation of sulfate and protons in a watershed. Johnson et al.

(1980) reported sulfate accumulation rates up to 9.3 kg/ha-yr for a

North Carolina watershed, although many watersheds show a balance

between sulfate input and output. Sulfate adsorption has been corre-

lated with iron and aluminum content, clay content and the presence of

sesquioxides, and it is inversely correlated with organic content

(Johnson et al. 1980). Specific adsorption occurs only under acidic

conditions and is not a significant process above pH 6-7.

Reactions of the nitrogen cycle also consume or generate protons

in sediment environments (Figure 3-1). Since approximately one-third

of the acidity in Florida precipitation is HNO3 (Brezonik et al. 1983)

these reactions are potentially significant in controlling the pH of

softwater lakes. In forest and bog ecosystems, most of the nitrate in
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PLANT

R-C-R NH.

R organic nitrogen H

NO,

2H-

SOIL
OH

NH-
I

2

R-C-R
H" 2H"

NH.
I

R organic nitrogen

NH/ NO,

Source: Impact Assessment Group, 1983

Figure 3-1. Effect of nitrogen cycle on proton balance.
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precipitation is retained (Kerekes et al. 1982; Hemond 1980; Wright

and Johannessen 1980). Retention of nitrate by assimilation into

organic matter or by denitrification has the same effect on pH since

both reactions consume one H"*" per N03' ion consumed. Although the

assimilation of NH4''" results in the production of H"*", nitrate deposi-

tion exceeds ammonium deposition in Florida and the net effect of

terrestial retention of inorganic nitrogen species is the consumption

of protons. The effect of nitrogen cycling on the pH of softwater

lakes has received little attention. In addition to nitrate and

ammonium assimilation, mineralization of organic nitrogen and other

reactions of the nitrogen cycle, such as nitrification, could poten-

tially alter lake pH. Although some of these reactions-- notably

nitrification and denitrification— are inhibited at pH levels below 5

in laboratory cultures (NAS 1978), ample evidence indicates that they

may occur in acidic environments (see Chapter 5).

Methods

Sediment-Water Batch Experiments

Initial experiments to determine the neutral izing capacity of

sediments were conducted by adding 25 g of wet sediment, 100 mL of

distil led water, and 1.0 mL of chloroform to 10 Erlenmeyer flasks.

Each flask received a single dose of acid (0.1 N H2SO4) or base (0.1 N

NaOH) and was placed on a shaker table for one week. Upon termination

of the experiment, water from each flask was filtered and analyzed for

pH, Ca^"*", Mg^"^, Na"^, K"^, Si(0H)4, and total aluminum. In later exper-

iments, conducted with sediments from Wisconsin lakes, sequential

doses of acid or base were added daily, after first determining that

the results were similar to those of the single dose method. Several
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other modifications included the use of LPE bottles rather than glass

Erlenmeyer flasks and the use of 20 g of sediment. After each experi-

ment, the sediment in each flask was dried to 103° C to determine dry

weight, and then ashed at 500° C to determine the volatile solids

content.

The neutralizing capacity of the sediments was calculated on a

dry weight basis:

NC^- = 100 X [V^Ng^^j - 10 P^i-10P% (Vf)]/W (3-2)

where = cumulative volume of acid at i^^^ addition, mL,
N, = normality of acid or base,
pRq = original pH (no acid or base),
pH^ = final pH,

= volume of water in f 1 ask(incl uding water content of wet
wet sediment) , mL,

W = dry weight of sediment, g, and

NC^- = neutralizing capacity of sediment at the i*" acid or
base addition, meq/100 g.

The exchange of metal cations also was computed on a dry weight basis

in order to calculate the contribution of each metal to the total

buffering capacity.

The potential for sulfate adsorption by McCloud Lake sediments

was evaluated in a separate batch experiment in which a single dose of

0.1 N H2SO4 (0.1 to 1.0 mL) was added to each of ten LPE bottles

containing 20 g sediment and 50 mL DDW. Since chloroform could

potential ly alter sulfate adsorption and/or sulfate analysis, the

experiment was conducted with and without the addition of 1.0 mL

chloroform. The entire experiment was also conducted with a series of

bottle blanks that received no sediment. The bottles were placed on a

shaker table for a week; upon termination of the experiment water from

each bottle was filtered and analyzed for sulfate and pH. Sulfate
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adsorption was evaluated by comparing sulfate recovered with sulfate

added, after accounting for sulfate levels in controls (no acid

added)

.

Seepage Column Experiment

An upflow column study was conducted to simulate the flow of

groundwater through McCloud Lake littoral sediment. The synthetic

groundwater used in this experiment (Table 3-2) represented soil water

from a depth of 190 cm at a site adjacent to Lake McCloud that had

been repeatedly irrigated with simulated pH 3.0 rain (J. Byers,

University of Florida, pers. comm.). This soil water was circumneu-

tral (pH 6.6) and contained appreciable alkalinity (estimated by ion

balance)

.

The synthetic groundwater was passed through three 20 cm intact

columns of McCloud Lake littoral sediment at a flow rate of "40

mL/day, which corresponded to the highest seepage rates observed

during 1981. Three additional columns received the same groundwater

acidified to pH 3.5 with H2SO4 (designated "low pH" treatment). A

third set of three columns received groundwater acidified to pH 6.2

(through week six) and then acidified to pH 4.0 to observe the effects

of rapid acidification. Following a one-month period of pH stabiliza-

tion, the eluate from each column was collected weekly and analyzed

for sulfate, chloride, and nitrate (ion chromatography), alkalinity,

major cations, and pH.

Microcosm Experiment

The influence of sediments on the composition of overlying

lakewater was simulated in 10 L microcosms containing 1.0 L of
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McCloud Lake littoral sediment plus 9.0 L of synthetic Lake McCloud

water (based on 1981 data). Following a one week period of pH stabi-

lization, duplicate microcosms were acidified to pH 5.0, 4.5, 4.0, and

3.5 using 1.0 N H2SO4; an additional set of duplicates was used as

controls. Repeated additions of acid were required to maintain the

desired pH levels. Acid inputs were based on pH values determined

immediately before each addition; the vol ume of H2SO4 added on each

date was sufficient to reach the desired pH level in the absence of

neutralization. Samples collected after 4U days (prior to the addition

of labelled algae and the beginning of the decomposition experiment-

see Chapter 5) were filtered and analyzed for alkalinity, sulfate and

chloride, major cations, and pH. Components of buffering were

inferred by comparing the chemical composition of the microcosms at 40

days with the initial composition.

Littoral Mesocosms

A mesocosm experiment conducted in the littoral region of Lake

McCloud to evaluate the effects of pH alterations on biological proc-

esses (see Chapter 5) also served as a preliminary experiment on in-

situ pH buffering. During March, 1981, three 4.0 m diameter enclo-

sures (designed after Landers 1979) were placed in the lake at a depth

of rJi meter and anchored firmly to the bottom with wooden stakes to

enclose an area of 12 m^. One enclosure was acidified to pH 3.6 with

1.0 L aliquots of 0.72 N H2SO4 while a second received 1.0 L aliquots

of 0.1 N NaOH to raise its pH to 5.6. A third bag received no acio or

base and served as a control. Acid or base was added weekly with the

intention of reaching the desired pH level within one month. Con-

tinued additions of acid or base were required throughout the 26 week
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study to reach or maintain the desired pH levels. Duriny this experi-

ment, samples were analyzed weekly for pH, major cations, sulfate,

chloride, and major nutrients.

Pore Water Prof i les

Littoral and profunda] cores were obtained from McCloud Lake

using a Livingston-type corer during Febuary, 1983. Three cores (3.8

cm interior diameter) from each site were dissected into 2.b cm seg-

ments in a glove box that had been purged with 02-free nitrogen gas.

Individual segments were placed into centrifuge tubes, treated with

0.1 mL 2 N zinc acetate and 0.06 mL NaOH to precipitate ZnS (APHA

1981), and centrifuged for 20 minutes at 15,000 rpm. The supernatant

was filtered and analyzed for sulfate, chloride, and nitrate by ion

chromatography.

Resul ts and Discussion

Sediment-Water Batch Studies

Magnitude of neutral ization

Results of the sediment batch studies are shown as buffering

capacity curves for the McCloud Lake littoral and profundal sediments

(Figure 3-2). Each point in Figure 3-2 represents the neutralizing

capacity for a given pH, as calculated from equation 3-2. The profun-

dal sediment had far more neutralizing capacity than the littoral

sediment, as seen in the much steeper slope for the profundal sedi-

ment. To facilitate comparisons of neutralizing capacities among

sediments, neutralizing capacities were computed over defined pH

ranges. Thus, the NC4^5_jj^q is the neutralizing capacity, expressed

as meq/100 g, over the pH range 4.5 to 5.0 and the NC5^[j_5^5
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neutralizing capacity between pH 5.0 and pH 5.5. As seen in Table 3-3,

the profundal sediments typically have NC4^5_5^q values of 8-10

meq/100 g while the littoral sediments, which are considerably more

sandy, have much lower buffering capacities (NC^ g.g^Q =0.6-1.2

meq/100 g). Although there are not enough data points for sediments

having intermediate levels of volatile solids to permit formal regres-

sion analysis, it is clear that the volatile solids content, or some

factor associated with volatile solids content (such as clay fraction)

is strongly related to the buffering capacity of sediments.

Cation exchange

Changes in cation concentrations during titration of the McCloud

Lake sediment (Figure 3-3) suggest that ion exchange was the major

buffering mechanism. Although mineral dissolution and precipitation

could account for these results, minerals containing these cations are

probably not present in McCloud Lake. Furthermore, the H'^ neutraliza-

tion occurred rapidly and was essentially complete within a few hours.

This behavior is typical of cation exchange, whereas mineral dissolu-

tion, especially of clay minerals, is generally much slower.

When NaOH was added, protons on sediment exchange sites were

replaced by cations from solution (primarily Ca^"*" and Mg^"*"), and their

solution concentrations decreased. When H2SO4 was added, base cations

on sediments surfaces were replaced by protons, and cation concentra-

tions in solution increased. Calcium and magnesium exchange accounted

for over 50% of the total buffering capacity of McCloud Lake sediments

throughout most of the pH range (Figure 3-4). Exchange of Na"^ was

significant at pH levels over 6 when NaOH was the source of OH" in the

experiment. Thus, some of the Na"^ added displaced protons on the
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Table 5-3. Buffering capacity of some Florida and Wisconsin lake
sediments.

Acid neutralizing
capacity
meq/100 g Volatile

pH _ pH solids Sand Dry weight
Sediment 4.5-5.0 b.0-5.5 % dry wt % dry wt % wet wt

Littoral

Anderson-Cue,
Fla.

1.15 1.0 18.6 30.2 45.8

Adaho , Ma. U.D 0.5 9.0 41 .

7

47.6

Johnson, Fla. 0.6 2.1 11.3 38.0 46.2

Geneva, Fla. 1.1 12.4 27.5 37.0

McCloud, Fla. 1.0 0.5 10.4 31.2

Profunda!

McCloud, Fla. 8.3 2.2 73.3 0 8.6

Clara, Wis. 8.7 3.3 62.6 0 5.8

McGrath, Wis. 10.3 7.0 37.1 0 3.2

Sand, Wis. 9.0 7.0 67.3 0 5.4
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Figure 3-3. Cation concentrations versus pH in batch neutrali-

zation experiment with McCloud Lake profunda!

sediment.
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Figure 3-4. Contribution of cations to total neutralizing
capacity of McCloud Lake profundal sediment.



31

sediment surfaces, which contributed to the neutralization of the

added OH". At pH 6.0, Na"*" exchange accounted for nearly 50% of the

total neutralization capacity. Concentrations of dissolved aluminum

increased significantly upon acidification, but aluminum solubiliza-

tion contributed less than 10% to the total neutralizing capacity

(even assuming a charge of +3) throughout the pH range 4.0-7.0.

Final ly, a portion of the buffering could not be attributed to

cation exchange or mineral dissolution. This component increased to

30% of the total neutralizing capacity at pH 6.6 and probably re-

sulted from the dissolution of humic acids. This hypothesis is sup-

ported by the observation that the sediment-water solutions became

visibly colored at pH levels over 6.0.

Experiments with sediments from other lakes in the Trail Ridge

Region and from northern Wisconsin lakes show that exchange of Ca^"*"

and Mg" is the major mechanism of pH buffering in all of these lakes.

Calcium exchange accounted for 41-72% of the total buffering in these

lakes, while Mg^"*" exchange accounted for 20-40% of the buffering in

the Florida lakes but only 8-9 % of the total buffering in the three

Wisconsin lakes (Table 3-4).

Aluminum solubility

Although dissolution of aluminum accounted for less than 20% the

total neutralizing capacity of the Florida lakes (again assuming a

charge of +3/mole), aluminum solubility is of interest because alumi-

num toxicity is a major probl em associated with 1 ake acidification.

Previous studies (Johnson et al. 1981; Driscoll et al. 1982) have

shown that Al^"*" solubility is controlled by gibbsite, although several
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Table 3-4. Components of buffering capacity for selected Florida and
Wisconsin lakes titrated to pH 4.

% of total neutralizing capacity

Final 2+ ?+ + +
Lake pH Ca^ Mg^ Na K kV ECa+Mg

Johnson 4.46 35.7 39.3 1.2 2.5 75.0

Geneva 4.83 63.3 24.7 2.3 11.1 88.0

Anderson-Cue 4.07 46.5 22.0 1.2 18.4 68.5

Adaho 3.93 46.2 40.0 <.l 2.6 86.2

McCloud:
center
1 ittoral

3.96
3.90

41.2

71.8
20.9

20.7
0.5

.25 .25

15.5 62.1

92.5

Clara 3.61 44.0 8.9 1.1 1 .2 52.9

Sand:
center 3.72 49.6 8.3 0.5 1 .3 57.9

McGrath 3.44 43.3 7.6 0.2 1 .0 50.9
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other aluminum-bearing minerals, including kaolinite, amorphous alumi-

num hydroxide, and feldspars potentially could control aluminum solu-

bility. Nordstrom (1982) have recently shown that several sul fate-

bearing minerals, notably jurbanite (Al (SO4 )(0H)) and alunite

(K{S04)(A1 )3(0H)g), may control aluminum solubility in highly acidic

water such as mine drainage.

Total aluminum concentrations in the batch experiments with

Florida sediments increased with increasing acidity below pH 5 but

were relatively constant (10"^ to 10"^ M) above pH 5 (Figure 3-5).

Also shown in Figure 3-5 are total aluminum concentrations (sum of

hydrolysis species) predicted from the solubility of gibbsite (log K =

-33.2 from May et al. 1979) and from the solubility of kaolinite (log

K=-38.7, Stumm and Morgan 1981). Since silica levels remained nearly

constant thoughout the pH range, the mean concentration of 44 uM was

used to compute kaolinite solubility. These data clearly show that

total aluminum in the sediment titrations was generally above the

levels predicted from the dissolution of these two minerals. The most

likely reason for the discrepancy between measured total aluminum and

predicted solubility is that the measured total aluminum includes

organic complexes and fluoride complexes that were not accounted for

in these solubilitiy calculations. Driscoll et al. (1982) have shown

that organic Al complexes accounted for an average of 44% of the total

monomeric aluminum and that Al-F complexes accounted for 29% of the

total monomeric aluminum in a group of Adirondack lakes. Fluoride

complexes are not likely to be important in McCloud Lake because the

lakewater contains very little fluoride (<0.003 meq/L). However,

water in the experimental flasks often became visibly colored at pH
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PH
Figure 3-5. Aluminum concentration versus pH in sediment neutrali-

zation experiments for five softwater Florida lakes.
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levels above 5, indicating the solubilization of humic acids. These

humic acids undoubtedly formed Al complexes that kept total aluminum

levels in solution far above levels predicted on the basis of inorgan-

ic complexes. Without further information on the extent of organic

complexes, the control of Al solubility cannot be determined precisely.

Solubility calculations fortheTrail Ridge lakes, using data

from Brezonik et al. (1983b), were conducted with the assumption that

total aluminum represented free Al^"*". These calculations show that

several minerals, including kaolinite, gibbsite, and alunite, may

control aluminum solubility. The possibility of alunite precipitation

is particularly interesting, since this process would be a sink for

sulfate as well as a H'''-neutral ization mechanism. However, alunite

precipitation would be accompanied by decreased concentrations of K"*"

and SO4 in the batch studies and these ions were conservative for

the McCloud Lake sediments.

Sul fate adsorption

The sulfate adsorption experiment showed that sulfate recovery

was at least 100% of sulfate added for both littoral and profundal

sediments (Figure 3-6); the addition of chloroform to the bottles had

virtually no effect on sulfate recovery in either blanks or treatment

bottles. Although it is not clear why sul fate recovery was usually

slightly greater than 100%, this experiment shows that sulfate adsorp-

tion or other abiotic sul fate-reduci ng processes, such as the precip-

itation of alunite or other sul fate-containing mineral (See discussion

of aluminum solubility), were unimportant as neutralizing mechanisms

within the pH range of this experiment (4.0-5.5).
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Figure 3-6. Sulfate recovery in batch acidification
of McCloud Lake sediments.
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Seepage Column Experiment

Neutralization of H'^ occurred in the upflow column experiment

to the extent that the eluate from al 1 three sets of columns had pH

values between 5.0 and 7.0 following the stabilization period (Figure

3-7). Changes in the composition of major ions in the column eluates

(Figure 3-8) occurred in all three sets of columns. In the high pH

columns (inflow pH = 6.6), concentrations of Ca^"*", Mg^"*", HCO3", SO^^",

and NO3" decreased, but pH remained nearly constant. During weeks

5-8, the reduction in divalent cations (Ca^^ and Mg^"^) of 0.20 meq/L

was similar in magnitude to the reduction in alkalinity (0.18 meq/L).

These results can be accounted for by the following mechanism:

nHC03- + + nH+-X — -> nH2C03 + M-X (3-3)

The inference to be made is that alkalinity and divalent cations

leached from the soil by acidic precipitation are removed from seepage

water as it passes into the lake through the littoral sediments.

In the 1 ow pH col umns (inf 1 ow pH = 3.5), nearly al 1 (99%) of the

influent protons were neutralized by the sediment. Calcium, which was

initially retained by the columns (weeks 5-7), later was leached from

the columns (Figure 3-8). Although magnesium was leached from the

column throughout the study, the extent of leaching increased by week

14. Calcium retention nearly balanced magnesium leaching during weeks

5-8; cation exchange was therefore unimportant in pH-buf feri ng. Of

much greater significance was the reduction in sulfate levels. The

average loss of sulfate (0.410 meq/L) during weeks 5-8 accounted for

86% of the sum of proton loss plus alkalinity gain. Although sulfate

adsorption potentially could account for the observed results, sulfate



38



39

O

I

1

C\J

o

Q.

3O

COO

+
00

CM

o

+ CO

to 0)

o

I

CVJ

o
00

COoo

I

3

o

<D

oi +
3 CM
O cn

CM

c +
Q. CM

3 OO

J L

CO

\

I

CM

o

o
oo

(JO cu

J£2_i L

-1
<u

I
cu I

cu

ro

CU

S-

CU
+J
03

5a
c
o
s-
cn

o
to
4->

c
cu

T3
CU
I/)

I— +->

(C C
CU

O E
-(-> -r-
+J s-
•r- <U
I— Q.

X
cu

O
CU
CD

Q.
cu

4- CU
UJ in

+->

o
cu

CO
I

CO

cu
s-

cn

ID

O
+

o
o

Lf) in

o o
I +

o
CD o o

I +

o
o

in

o
I

n/D3W 'N0IiVMN33N0D NI 39NVH3



40

adsorption was found unimportant in the sulfate adsorption study (see

Figure 3-6). Biological sulfate reduction is a more likely mechanism;

sulfate entering the columns was either reduced to and lost to the

atmosphere or precipitated in the columns as FeS.

Both sulfate reduction and cation exchange were important H"*"-

buffering mechanisms in the intermediate pH columns. During weeks 5-

6, a loss of sulfate (0.14 meq/L) was exactly balanced by a loss of

cations and the pH remained constant. Upon further acidification of

the inf 1 ow to pH 4.0 during week 6, the 1 oss of sul fate increased to

0.31 meq/L and was accompanied by a comparable increase in the loss of

protons. Thus, even with rapid acidification the pH of the eluate

remained above 5.0. By week 14 however, sulfate reduction was dimin-

ished and the pH of the eluate decreased slightly.

Concentrations of Na"^, K"*", or CI" were unchanged in al 1 three

sets of the columns. These results support the conclusion from the

batch studies that monovalent ions do not contribute to ion exchange

buffering in the sediments.

It is interesting to note that NO3" concentrations were decreased

by 90 % in all columns. This reduction could be the result of either

nitrate assimilation or dissimi 1 atory nitrate reduction. Although both

reactions consume protons (see Figure 3-1), the level of NO3" in the

column inflows was so low (< 40 ueq/L) that the effect of nitrate loss

mechanisms on eluate pH was minor.

Sediment- Water Microcosms

The McCloud Lake sediment-water microcosms exhibited a substan-

tial capacity to neutralize acid added to the overlying water.
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Maintenance of the acidified microcosms at the desired pH levels

required continued inputs of H2SO4 during the 20-week experiment. As

seen in Figure 3-9, predicted pH values, calculated from the cumula-

tive acid additions, were far lower than measured pH levels. By the

end of the experiment over 90% of the acid added to each microcosm had

disappeared (Figure 3-9). An analysis of major ions during week 7

(prior to the addition of ^^N-labelled algae to begin the decomposi-

tion experiment described in Chapter 5) was used to determine the

components of pH buffering. Alkalinity was not measured due to time

constraints but was inferred from the ion balance of other major

constituents. As seen in Table 3-5, cation exchange was responsible

for over 60% of the total buffering in all of the microcosms. Calcium

exchange accounted for 45-60% of the buffering, while magnesium

exchange comprised 15-25% of the total buffering. Sodium and potas-

sium concentrations changed little and were unimportant in buffering.

Sulfate reduction accounted for 25-40% of the total buffering in the

acidified microcosms, although sulfate concentrations actually in-

creased slightly (^15%) in control microcosms. This small increase may

have resulted from sulfate oxidation but also may have been the result

of experimental error. In the acidified microcosms, cation exchange

plus sulfate reduction accounted for 81% to 104% of the observed

buffering. As with the groundwater seepage experiment, the importance

of sulfate reduction as a buffering mechanism increased with de-

creasing pH and increasing sulfate concentration.

Littoral Mesocosms

The littoral mesocosms also exhibited a substantial capacity for

pH buffering (Figure 3-10). During the first 14 weeks of treatment.



42
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Figure 3-9. pH of acidified sediment-water microcosms.
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.—1

CMo
ID
.—1

o
o

1

o
1

o
1

o
1

o
1

cr> o
.—

1

1—

1

CM
CO
CM

cn
1—

1

in
CM

VD
in
I-H

cno
O
uno

CM
CMo CMo

o o o o o

CM CO f—

1

00

ID
ID

o
uo un

CM
in

00

CM

cn
CM
.—

I

CM
ino

CM
uno

o O o o o

CO O ID CO UD

in
1—

1

CTl
CM

CM
CM

CO 1—1

CvJ

1

r—

1

VD
CM
x—t

00

o
o
uno

1—

1

CMO
O O o o O

CM o CO in CTl
CTl VD ID un
I-H CO 1—

1

r-H CD
CT> CM I-H o

in o in O un

CO un un



44



45

0.46 meq H"''/L was added to the acidified mesocosm, and 80% was

neutralized. While the areal buffering rate of the acidified mesocosm

(1.2 meq/m^-yr) during the first 14 weeks was comparable to the areal

buffering rate in the pH 3.5 laboratory microcosms (1.3 meq/m^-yr),

the nature of the buffering was different. Cation exchange, which

accounted for 65% of the buffering in the pH 3.5 microcosms, was

apparently unimportant in buffering of the mesocosms. Although cal-

cium levels fluctuated considerably during the mesocosm study, there

was no sustained increase in calcium or magnesium with acidification

(Figure 3-11). The neutralization of added protons was paralleled by

a loss of added sulfate, suggesting that sulfate reduction probably

was responsible for the neutralization (Figure 3-12).

In the neutralized mesocosm, repeated additions of NaOH failed to

cause a sustained increase in pH (Figure 3-10). As in the acidified

mesocosm, calcium levels fluctuated considerably, but the expected

decrease of calcium and magnesium concentrations did not occur (Figure

3-11). Sodium, however, did disappear, and its rate of disappear-

ance closely paralleled the neutralization of added OH" (Figure 3-13).

The loss of Na"*" is disturbing because Na"^ was conservative in the

batch studies below pH 5. The sodium loss may possibly have occurred

as the result of water exchange between the mesocosm and the lake,

although it is unlikely that the rapid disappearance of OH" observed

during the first month of base additions occurred as the result of

water exchange. By week 14, the loss of sodium was equivalent to 71%

of the 1 OSS of OH".
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Figure 3-11. Calcium and magnesium concentrations in
McCloud Lake littoral mesocosms.
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Precautions taken to prevent mixing of lakewater with the water

in the experimental enclosures included anchoring the bottom with

stakes and providing a floating collar to minimize wave action, but

some exchange undoubtedly occurred. Furthermore, inputs of ground-

water and precipitation were not determined and presumably had some

effect on the composition of water in the enclosures, even during the

relatively short experimental period. In future experiments, it would

be useful to use an inert tracer (such as bromide) in control meso-

cosms in order to ascertain the extent of water exchange between the

mesocosms and the open lake.

Pore Water Profiles

The pore water profiles show that sulfate reduction occurs not

only in laboratory microcosms but in Lake McCloud itself. As seen in

Figure 3-14, sulfate pore water concentrations for the three profundal

cores decreased from 150 ueq/L in the overlying water to < 15 ueq/L

below 10 cm. The flux of sulfate to the sediment in this part of the

lake was calculated from Fick's law:

F = Dc(Ci - Ci+i)/z (3-4)

where D^. = diffusion coefficient, cm^/sec,
C^= concentration at depth i, mg/L, and
C^-^-^ = concentration at depth i+1.

According to Lerman (1978), the effective diffusion coefficient,

D(., is approximately equal to D^Q^, where Dq is the bulk diffusion

coefficent and (D is the porosity. Li and Gregory (1974) reported that

Dq for SO^^" = 8.9 X 10"^ cm^/sec at 18 ° C. If the porosity is

estimated from the water content (0.9), Dc is 7.2 x 10"^ cm^/sec.

From d = 0 to d = 10 cm, the concentration gradient is 136 ueq/L, so

the flux rate of SO4 to the profundal sediment is approximately 225
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Figure 3-14. Sulfate profiles in pore water of McCloud Lake
sediments, February, 1982.
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meq/m^-yr. This rate of sulfate reduction is 54% of the wet-only

deposition of 420 meq/m^-yr for the annual period May, 1981-April,

1982.

Individual pore water profiles in the littoral sediment pore

water were very irregular (Figure 3-14), with concentrations ranging

from 56 to 320 ueq/L. These data suggest that distinct pockets of

sulfate reduction and oxidation may occur in the sandy, littoral

sediments. The irregularity of sulfate reduction was confirmed by the

irregular pattern of mottling seen on silver-coated rods inserted in

sediment 24 hours prior to collection of the littoral cores. While

some reduction and reoxidation may occur in individual core segments,

the ratio of SO4 /CI" in the pore water profile is nearly constant

with depth (1.21) and is almost identical to the SO4 /CI" ratio in

the lake water (1.24). Chloride concentrations in the pore water were

comparable to lakewater concentations but higher than concentrations

in the more dilute in-seepage (see Chapter 4), suggesting that water

was moving out of the lake when these cores were taken. The movement

of water may have obliterated sulfate profiles that formed during the

summer, resulting in the irregular profiles observed. Thus, while this

pore water study confirms the occurrence of sulfate reduction in the

profunda! sediments, there appears to be little evidence of sulfate

reduction occurring in the littoral zone.

Concl usions

These experiments demonstrate that reactions at the sediment-

water interface are potentially important in neutralizing inputs of H"*"

to McCloud Lake. The major mechanisms of H"*" neutralization observed
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were cation exchange and sulfate reduction. Cation exchange, in which

Ca^"*" and Mg^"^ were displaced by H"*" on sediment surfaces, provided a

neutralizing capacity of up to 10 meq/100 in the profunda! sediments.

Exchange of Na"*" and K"*" was unimportant, as was sulfate adsorption.

Although aluminum was solubilized in the batch experiments, aluminum

sol ubi 1 ity was relatively unimportant as a neutralizing mechanism.

Evidence of sulfate reduction was obtained in the seepage column

experiments, in both the mesocosm and microcosm experiments, and in

the pore water profiles. This mechanism is interesting because it

means that sulfate is not a conservative ion in softwater lakes, as is

commonly believed, and because sulfate reduction is a proton-consuming

process that may contribute to the neutralization of acid precipita-

tion.



CHAPTER 4

McCLOUD LAKE MASS BALANCE

Introduction

In the previous chapter, results of lab experiments showed

that McCloud Lake sediments are capable of neutralizing acid by sever-

al mechanisms. Cation exchange, particularly the replacement of diva-

lent cations (Ca^"*" and Mg^"*") by protons resulted in the neutraliza-

tion of up to 10 meq/100 g dry sediment. Evidence of sulfate reduc-

tion was obtained by groundwater seepage and sediment-water microcosm

experiments and from in situ pore water profiles of sulfate.

The objective of this chapter is to evaluate the magnitude of in-

lake neutralization processes in McCloud Lake by constructing mass

balances for major ions. Based on the results from the previous

chapter, two hypotheses were generated:

1) cation exchange at the sediment-water interface results in the

enrichment of the overlying water with base cations, particularly Ca^"*"

and Mg , and

2) sulfate reduction in the sediments reduces the quantity of

sulfate in the overlying water and neutralizes an equivalent amount of

acidity.

A third hypothesis is that assimilation of N03~ by phytopl ankton

and macrophytes, which consumes protons (Brewer and Goldman 1976), is

a significant sink for acidity.

53
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Mass balances of major ions entering and leaving McCloud Lake

during the period September, 1981-August, 1982 were used to evaluate

these hypotheses. Fluxes measured or estimated in the mass balances

included wet precipitation, aerosol and gaseous dry deposition, and

groundwater seepage to and from the lake. Further evidence of neu-

tralizing mechanisms was obtained by evaluating historical water chem-

istry data for McCloud Lake col lected during 1968-69 (Brezonik and

Shannon 1971), 1978-79 (Brezonik et al. 1983b), and 1981-82 (present

study)

.

Background

Mass balance models have been widely used to evaluate the role of

watersheds in neutral izing acid precipitation (Johnson et al. 1981;

Galloway et al. 1980; Thomson 1982). Cation exchange and mineral

dissolution have been recognized as the most important neutralizing

mechanisms in watershed soils, and several regional scale sensitivity

models are based exclusively on mineral weathering reactions (e.g.,

Henriksen 1980). Assimilation of nitrate by vegetation in watersheds

may also contribute to the neutralizing capacity of forested water-

sheds. As noted in Chapter 3, the assimilation of nitrate produces

hydroxide ions that consume protons. Several studies have shown that

most of the nitrate entering forested watersheds is retained with an

equivalent number of protons (see Impact Assessment Group 1983).

Finally, sulfate adsorption may be an important neutralizing process

in some watersheds, particularly those with sesquioxide-rich subsoils

(Johnson et al. 1980). In addition to permanent (ligand exchange)

sulfate adsorption, reversible adsorption is believed to account for
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short-term stabilization of SO4 concentrations in watersheds (Chen

et al. 1979; Chri stopherson and Wright 1981).

Few mass balance models have been compiled for sensitive, soft-

water lakes and the role of in-lake processes on the H"*" balance of

lakes is not well understood. However, several recent reports suggest

that ani on-consuming processes may be important in regulating lake pH.

The potential role of sulfate reduction in neutralizing inputs of acid

precipitation to softwater lakes was elucidated by Schindler et al.

(1980) and Cook and Schindler (1983). Following the artificial

acidification of Lake 223, these authors found that the reduction of

sulfate in the anaerobic hypolimnion and littoral sediments accounted

for most of the in-lake neutralization in the first two years of

acidification (Schindler et al. 1980) and consumed 50% of the total

sulfate input during the five years following acidification (Cook and

Schindler 1983).

Kilham (1982) reported that acid precipitation may actually in-

crease the alkalinity of non-sensitive lakes. His hypothesis is that

the protons in precipitation are neutralized by cation exchange and

mineral weathering. Since the consumption of acidic anions (NO3" and

S04'^") al so consumes protons (or produces OH", i.e. al kal inity), the

addition of nitric and sulfuric acids to non-sensitive watersheds can

result in an increase in alkalinity production. Kilham (1982) demon-

strated that nearly all of the NO3" and 65% of the SO^^" entering the

watershed of eutrophic Weber Lake, Michigan, was retained by the lake-

watershed system and concluded that nitrate assimilation and sulfate

reduction were sufficient to neutralize acid precipitation. Acid

precipitation also appeared to have increased the mineralization rate
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in the watershed and may have caused a doubling of alkalinity observed

over the past 30 years. Kelley et al. (1982) also postulated that

hypo! imnetic OH" production resulting from anion-consuming processes

may be sufficient to neutralize inputs of acid precipitation to

eutrophic lakes.

Finally, in what appears to be one of the only mass balance

models reported for an undisturbed, softwater lake, Wright and Johan-

nessen (1980) found that 30% of the H''" entering Langtern Lake, Norway

(6 keq/km^-yr) was neutralized together with 20% (9 keq/km^-yr) of the

SO4 . These authors concluded that sulfate reduction may have ac-

counted for the observed H"*" and SO^^" depletion.

Methods

Wet Precipitation

Wet-only precipitation was collected using an Aerochem-Metrics

Model 101 sampler placed on a raft in the center of McCloud Lake.

This sampler is designed so that the wet sample bucket is open only

during precipitation events and is tightly sealed with a lid between

events to prevent evaporation and contamination by birds, insects, and

other debris. Samples were collected monthly and analyzed for pH,

major ions, and nutrients.

Dry Deposition

Ambient air concentrations of aerosols (SO^^", NH^"^) and gases

(SO2, NO2, and HNO3) were measured during 20 24-hour collection peri-

ods during August and September, 1981. Dry deposition rates of these

constituents were computed using the equation (Chamberlain and

Chadwick 1953)
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F = Vd X (4-1)

where F= areal deposition rate,

Vjj = deposition velocity, and
= concentration at a reference height, usually one meter.

Dry deposition rates of other aerosol constituents (Ca^"*", Mg^"*",

K"*", Na"*", and CI") were estimated from two northern Florida data bases.

Edgerton (unpublished data) recently conducted a study of dry deposi-

tion throughout northern Florida that included one remote site similar

to McCloud Lake. The study of Brezonik et al. (1983b) included wet

and dry deposition measurements for four inland Florida sites and bulk

deposition measurements for 25 sites, including four near McCloud Lake

(Gainesville, Jasper, Hastings, and Waldo). Two methods were used to

estimate dry deposition of aerosol constituents at McCloud Lake from

these data. First, the ratios of wet to total deposition for the four

wet/dry col lectors were used to estimate dry deposition at McCloud

Lake from measured wet deposition. The second method was to subtract

McCloud Lake wet deposition from bulk deposition measured at the four

1 ocal bul k col 1 ectors.

Seepage

Seepage flow to and from McCloud Lake was measured using 22

seepage meters (Fellows and Brezonik 1981) placed along six transects

perpendicular to the shoreline (Figure 4-1). Flows were measured once

a month. When the direction of flow was towards the lake, samples of

the inflow groundwater were collected for analyses of major ions and

nitrogenous species. Flux rates of water and ions were calculated by

dividing the lake into five concentric rings having boundaries that

paralleled the shoreline and were equidistant from adjacent seepage



Figure 4-1. McCloud Lake seepage meter transects.
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meters along each transect. The outer three rings were further divided

into 6 subdivisions whose boundaries were equidistant from adjacent

transects. Thus, a total of 20 regions were formed, each represented

by one, or, for the two inner regions, two seepage meters (Figure 4-

1). The flux of constituent i was computed from the equation
n

Fi =
j X Qj (4-2)

j=l
^

where j = concentration of constituent i in seepage region j,
Qa'= flow in region j. (Sign convention: "+" = inflow;
^ "-" = outflow).

Groundwater Wei 1

s

Two to four wells (2 " diameter PVC pipes) were placed in the

ground along each transect (see Figure 1-1) in order to permit sam-

pling of the local groundwater. During the second half of 1982,

samples from these wells were collected for analyses of major ions and

nutrients.

Lake Storage

A bathymetric map of McCloud Lake was used to construct stage-

volume and stage-area relationships. (See Figure 1-1). Stage measure-

ments were made 2-6 times per month and the mean stage reading was

used to compute lake volume and area for the month. Water samples

col lected monthly at 1-meter interval s near the center of the lake

were analyzed for major ions and nutrient species. Since the lake

never stratified, storage calculations were based on mean concentra-

tions of samples collected at 3-4 depths.

Evaporation

Pan evaporation measured at Lisbon, Gainesville, and Lake City

(CI imatological Abstracts 1981 and 1982) was used to compute a

distance-weighted mean representative of evaporation at McCloud Lake:
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E^^ = E(D/di X Ei)/E (D/d^.) (4-3)
1=1 i=i

where E^^j^, = distance-weighted mean of pan evaporation, cm/month,
= distance to station i,

D = total distance, i.e., d^ , and
E^- = pan evaporation at station i, cm/month.

A pan coefficient of 0.70 was used to estimate lake evaporation from

the Class A pan evaporation data (Linsley et al. 1975).

Results and Discussion

Water Budget

Components of the McCloud Lake water budget are shown in Figure

4-2 (see Table A-1). To check the accuracy of the water balance,

monthly precipitation (P), evaporation (E), and net seepage (G) were

used to model the change in storage (AS) and the new storage (S)

for each month, beginning with the measured storage in August, 1981:

AS^ = - E^ + G (4-4)

Si = Si_i + ASi (4-5)

where i = month.

Although the computed S often di ffered from the measured S

for individual months (Figure 4-2), computed S and AS agree well

with measured values for the entire year. At the end of the year,

computed storage was only 2% less than the measured storage, and the

computed annual change in storage (+ 17.45 x 10"^ m^) was 15% less than

the measured change in storage of 20.47 x 10"^ m^. The difference

between predicted and measured AS was only 3.6% of the total water

input (precipitation + in-seepage).

Precipitation accounted for 90 % of the total water input, while

in-seepage accounted for the remaining 10%. It should be noted that
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the contribution of seepage to the water budget was far less than

suggested by the watershed:! ake surface area ratio of 20:1. Because

of the sandy soils, gentle slopes, and a lack of defined stream chan-

nels, precipitation falling on most of the watershed passes directly

to a regional water table rather than to a lake or outflow stream.

Although precipitation during the model year was 6% above the

40 year mean, the previous year was very dry and had an annual precip-

itation of only 57% of the 40 year mean. Thus, seepage during the

first seven months of the model year was outward, resulting in

recharge of a depleted water table. During the last five months,

continued precipitation and a rising water table resulted in seepage

flows into the lake (Figure 4-2).

Seepage occurred mainly in the sandy littoral area. As shown in

Figure 4-3, seepage rates during both outflow periods (e.g., October,

1981) and inflow periods (e.g., April, 1982) diminished with distance

from shoreline. This was particularly evident during the inflow pe-

riod. During April, 1982, for example, the mean flow rate decreased

from 1.1 cm/d at 3 meters from shore to nearly 0 cm/d at 25 m (Figure

4-3). However, since much of the total lake area was in the central

low-seepage zone, the central region of the lake was significant in

terms of total seepage flow. Thus, 72% of the total outflow but only

4% of the total inflow occurred in the 71% of the lake within the

interior of the 17.5 m contour.

The water residence time, based on total inflow (precipitation +

seepage), was 1.7 years. Most of the water entering the lake evapo-

rated (63% of the total inflow) and only 16% left the lake via out-

seepage (the remaining inflow resulted in a change in storage). The



62

12

10o
CO 8
s:

COo 6
1

4
LU

LU ?o>
U

• 10o

CO 8
2^

COo
T-l

4
LlJ

2

o
u

O 4

CO 2
s:

CO 0o
1—1

-2
LU

-4
_lo> -6

10

o
5

CO
0

COo
.—1 -5

LlJ -10
e:
ZD
—1

-15OA

PRECIPITATION

EVAPORATION

CHANGE IN STORAGE
1

r__J—

J

_ 1
Measured

j
Predicted

Sept. Nov. Jan. Mar. May July
Oct. Dec. Feb. Apr. June Aug.

1981 1982

Figure 4-2. Water balance for McCloud Lake, September,
1981, to August, 1982.



63

>-

3-0.5
o

-1.0

OCTOBER, 1981 (FLOW FROM LAKE)

Solid line shows mean

± ±
10 20 30 40

DISTANCE FROM SHORE, M

50

2.0 I-

1.5

>-

1.0

0.5

0.0

-0.5

APRIL, 1982 (FLOW TO LAKE)

Sol id 1 ine shows mean

10 20 30 40

DISTANCE FROM SHORE, M

50

Figure 4-3. Seepage flow versus distance from shore.



64

residence time based on outflow was 9.6 years. Since volatilization

of substances other than water entering the lake is minimal or

nonexistent, the outflow-based water residence time should be the

residence time for conservative ions.

Chemistry of McCloud Lake. Past and Present

Data collected during 1968-1969 (Brezonik et al. 1969), 1978-79

(Brezonik et al. 1983b), and in the current study (Tables A-2 and A-

3) allow an evaluation of historical water chemistry trends for

McCloud Lake. Before discussing these data, several problems con-

cerning the evaluation of historical water chemistry trends must be

considered. The most serious problem with comparing data collected

over a span of 14 years is that certain analytical methods have

changed significantly. While methods for analyzing cations were simi-

lar in all three studies (cal cium, magnesium, sodium, and potassium

were analyzed by flame atomic adsorption), methods for collecting pH

samples and for analyzing sulfate and chloride have changed. In the

1968-69 study, pH samples were collected in glass D.O. bottles "to

prevent CO2 transfer with the atmosphere" (Brezonik et al. 1969, pg.

83). Although Kramer and Tessier (1982) have pointed out that soft

glass bottles may contribute 20 - 100 ueq/L alkalinity, the same

authors concluded that the use of glass containers would not be be a

problem in studies where analyses were conducted immediately following

sample collection. In the study of Brezonik et al. (1969), prompt

(same day) analysis was done, as inferred by the stated concern for

carbon dioxide transfer. Thus, comparisons of the 1968-69 pH data with

the data from the two more recent studies (in which pH samples were
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collected in distilled water-soaked linear polyethylene (LPE) bottles

and analyzed within eight hours) probably are valid.

The most significant methodological change involves sulfate anal-

yses. Sulfate was analyzed by the turbidimetric method in the 1968-69

study (APHA 1971) which, in addition to being an awkward technique,

has a detection limit of only 1 mg/L. The reliability of the re-

ported mean sulfate concentration of 2.2 mg/L is therefore ques-

tionable. Sulfate analyses in 1978-79 and in the current study were

done by the automated methyl thymol blue technique, modified to give a

detection limit of 0.1 mg/L. Methods of chloride analysis also

changed during the 14 year observation period. Chloride in the 1968-

69 study was determined by mercuric nitrate titration, using the "low

level" modification (APHA 1971), while in the recent studies chloride

was determined by the automated ferricyanide procedure (APHA 1981),

also modified to give a sensitivity of 0.1 mg/L. Both techniques,

however, are generally free of interferences and considered reliable.

Although concentrations of chloride in McCloud Lake are so low that

only 1 mL of titrant would be required to reach the endpoint with the

mercuric nitrate titration, small bore burets were used to assure that

smal 1 vol umes coul d be del i vered accuratel y.

The excess of measured anions in the 1968-69 study (10% of the

sum of ions) indicates that analytical errors were a problem (Table 4-

1). Ion balances were more exact in the 1978-79 study (mean

error = 5%) and in the current study ( mean error = 3.5 %).

A second problem in evaluating historical trends in acidification

is that McCloud Lake undergoes substantial changes in volume as a

result of long-term variations in precipitation. Between September,
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1981, and August, 1982, for example, the volume increased by 20%

because of increased precipitation following several drought years.

These volume fluctuations cause changes in the concentrations of

dissolved substances by dilution or evaporative concentration that may

obfuscate long-term changes in water quality. One way to eliminate

changes caused by dilution/concentration effects is to normalize the

concentrations of dissolved ions to the concentration of a conserva-

tive ion such as chloride. Both concentrations and ion/chloride

ratios are shown in Table 4-1.

As shown in Table 4-1, McCloud Lake has become more acidic during

the past 14 years. Hydrogen ion concentrations have nearly doubled

from 14 ueq/L (pH 4.9) in 1968-69 to 32 ueq/L (pH 4.5) in 1982, while

sulfate concentrations appear to have increased from 104 ueq/L in

1968-69 to 142 ueq/L in 1978-79 and 173 ueq/L in 1981-82 (Table 4-1).

Reported values of sulfate in 1968-69 may be erroneously high due to

analytical problems associated with the turbidimetric method (dis-

cussed above), and sulfate levels may have increased more than these

data indicate. The excess of measured anions in the 1968-69 data

suggests that reported values of one or more anions were too high or

that reported cation values were too low.

Increased acidification has apparently resulted in enhanced

leaching of base cations. Calcium concentrations in McCloud Lake have

doubled from 30 ueq/L in 1968-69 to 66 ueq/L in 1981-82, while magne-

sium levels have increased by 34%, from 47 ueq/L in 1968-69 to 63

ueq/L in 1981-81. These data must be interpreted with caution

because of the poor ion balance associated with the 1968-69 data. The
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Table 4-1. Chemical composition of McCloud Lake, 1968 to present.

1968-69^ 1978-79'^ 1981-82

Cone.
uea/L Ci/Cl^

Cone.
uea/L Ci/Cl*^

Cone.

iieo/L Ci/Cl

14 0.08 19 0.13 32 0.19

Ca^-^ 30 0.18 47 0.32 66 0.39

47 0.28 51 0.35 63 0.37

6 0.04 15 0.10 6 0.04

Na^ 122 0.73 121 0.83 153 0.90

SO4" 104 0.62 142 0.98 173 1.02

CI 167 1 .00 145 1 .00 170 1.00

219 253 320

2A" 271 287 343

% Error 10.6 6.3 3.5

^Brezonik and Shannon (1971).

^Brezonik et al . (1983b).

Ratio of ion i to chloride.
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calcium data are particularly suspect, since ratios of Ca /Mg'^ have

changed significantly since 1968-69. Although the Ca^"*"/Mg^''' ratios in

1978-79 and 1981-82 were close to 1.0, the ratio in 1968-69 was only

0.6. No other investigators have reported such a shift in cation

ratios associated with acidification, and it is not clear to what

extent the observed trend reflects analytical errors. The early

calcium data are particularly suspect since calcium analysis is

susceptible to interferences and because an increase in the early

calcium values would produce Ca^'*"/Mg^''' ratios closer to 1.0.

Chloride concentrations were relatively stable during this per-

iod. Although the mean chloride concentration in 1978-79 (145 ueq/L)

was slightly lower than the 1968-69 mean (167 ueq/L), the current mean

chloride concentration (170 ueq/L) is nearly identical with the 1968-

69 mean. These data indicate that dilution or concentration resulting

from variations in relative rates of precipitation and evaporation

cannot account for the observed differences in H"*", SO^^", Ca^"*", or

Mg . Sodium and potassium levels have changed little since the first

study; this is consistent with the observation that these ions were

nearly conservative in the sediment titration experiments (Chapter 3).

Concentrations of major cations and anions in the lake during

1981-82 are shown in Figures 4-4 and 4-5. Constituents which are

derived primarily from precipitation, including sodium, chloride, and

sulfate, fluctuated considerably during the study as a reflection of

variations in lake volume. Sodium concentrations, for example, in-

creased from 125 ueq/L during October, 1980, when the lake volume was

157 X 10-^ m^ to 229 ueq/L by December, 1981 , when the volume had

decreased to 120 x 10 m'^. As the lake volume increased, sodium
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levels declined. By the end of the study, the lake volume had in-

creased to 148 X 10-^ while the sodium levels declined to 139

ueq/L.

Concentrations of other base cations were relatively stable.

Although calcium concentrations decreased from 112 ueq/L to --^ 60 ueq/L

during the first three months for some unknown reason, levels were

relatively stable throughout the remainder of the study. Magnesium

levels were even more stable; concentrations in the two-year study

consistently were within _+10% of the mean value. Potassium levels

were consistently less than 10 ueq/L and the observed variablity at

these low levels (4.1 to 8.5 ueq/L) may reflect analytical errors.

Hydrogen ion concentrations show a moderate response to lake

volume. Levels increased from 25 ueq/L in October, 1980, to 44 ueq/1 in

January, 1981, then decreased to 25 ueq/L by August, 1982.

Dry Deposition

Measured concentrations of gases (SO2, NO2, and HNO3) and aerosol

constituents (NH^"^, NO3", and SO^^"), shown in Table 4-2, were used to

compute fluxes of these constituents using equation 4-1. The accuracy

of this approach depends on the selection of appropriate deposition

velocities (v^^). Deposition velocities depend on the nature of the

gas or aerosol, the deposition surface, and meteorological conditions.

Published values of v^j for a given substance thus may vary over sever-

al orders of magnitude. However, when only one type of surface is

considered (in this case, water) the range of deposition velocities

decreases. For examp 1 e, whi 1 e pub 1 i shed va 1 ues of v^ f or SO2 in-

cluding all surfaces and conditions span four orders of magnitude (see
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Table 4-2. Atmospheric concentrations and fluxes of nitrogen

and sulfur species at McCloud Lake site, August-
September, 1982.

SO4" nhJ HNO3 NO2
^

Mean^concentration,
uq/m^ (n=20)

2.7 0.4 0.5 3.0 6.0

Deposition Low
velocity (v.), High
cm/ sec

0.2

0.6
0.2

0.6
0.5
1.5

0.5
1.5

0.5
1.5

Flux, Low
eq/ha-yr High

40
120

14

43

12

36

150

450
210
620

^Determined at Gainesville.



73

Sehmel 1980), deposition velocities for water surfaces under most

conditions range from 0.4 to 2.2 cm/sec. Garland (1978) concluded

that the mean v^j for SO2 is approximately 0.8 cm/sec; several

researchers have used values of 0.5 to 1.0 cm/sec (Joranger et al.

1980, Edgerton 1981). For this study, the SO2 flux was estimated

using a range of v^ value of 0.5-1.5 cm/sec. Relatively few deposi-

tion velocities have been reported for NO2, NH3, and HNO3 (Soderlund

1981). However, since these compounds are highly soluble in water,

their deposition to wet surfaces is probably limited by surface resis-

tance (Fowler 1980), and their deposition velocities are probably

similar to those for 502- Thus, in this study the deposition veloci-

ties of these nitrogenous species was estimated as 0.5-1.5 cm/sec.

The value of v^j for sulfate aerosols is less well known. Garland

(1978) reported that most of the sulfate aerosol has a diameter of 0.1

to 1.0 urn and has a mean deposition velocity of 0.1 cm/sec. How-

ever, based on a comparison between measured sulfate deposition in dry

buckets (Aerochem-Metri cs collector) and ambient air concentrations,

Edgerton (unpublished data) has concluded that the mean deposition

velocity for sulfate aerosol in Florida is 0.4 cm/ sec. Accordingly,

values of 0.2-0.6 cm/sec were used to estimate the deposition of

sulfate aerosol in this study.

The dry deposition of other aerosol constituents (Ca^"*", Mg^"*", K^"*",

Na"^, CI", and NO3") and of NH^"^ and S0^^~ was estimated using two

northern Florida data bases. Edgerton (unpublished data) has recently

collected dry deposition data from four sites in northern Florida

using an Aerochem-Metrics wet/dry collector (Table 4-3). These data

show considerable variability in deposition rates among sites.
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Table 4-3. Dry deposition at five northern Florida sites, 1982.

Annual dry deposition, eq/ha-yr

Site Ca2+ Na^-^ CT

Gainesville 115 70 12 76 60

oT.. MugusLine /t 50 12 90 bU

Cross City 649 30 12 73 66

Archibald 95 36 12 89 105

Panhandle 33 17 12 37 40

Corrected for sea salt influence.

Source: Edgerton, unpublished data.
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reflecting local anthropogenic influences. However, the Panhandle

site closely resembled the McCloud Lake site in its remoteness from

urban areas and its sandy soils and pine-forested surroundings. Depo-

sition rates at this collector were the lowest observed and represent

reasonable minimum deposition rates for McCloud Lake. Deposition

rates of Ca^"*", Mg^"^, and K"^ at this site were used as lower limits of

deposition of these constituents McCloud Lake.

The study of Brezonik et al. (1983b) included wet/dry deposition

measurements at three inland Florida sites (Gainesville, Belle Glade,

and Apopka) as wel 1 as bul k precipitation data for 25 sites, in-

cl uding four in the vicinity of McCl oud Lake (Gai nes v i 1 1 e, Jasper,

Waldo, and Hastings). Two methods were used to estimate dry deposi-

tion at the McCloud site from these data. First, the ratios of wet to

total deposition at the three inland wet/ dry collectors (Table 4-4)

were used to estimate dry deposition from measured wet deposition at

McCloud Lake. This method should produce accurate estimates of dry

deposition for substances that have uniform wet/total deposition ra-

tios, such as chloride (wet/total ratios = 0.55-0.59), sodium (wet/

total ratios = 0.55-0.60), potassium (wet/total ratios = 0.55-0.60),

nitrate (wet/total ratios = 0.68-0.74), and magnesium (wet/total ra-

tios = 0.40-0.45). For substances such as calcium (wet/total ratios =

0.29- 0.54), sulfate (wet/total ratios = 0.71-0.88), and ammonium

(wet/total ratios = 0.73-0.88) this method is less reliable. The

second method of estimating dry deposition was to subtract the meas-

ured wet depositon at McCloud Lake from the bulk deposition measured
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at the four regional collectors (Jasper, Gainesville, Waldo, and

Hastings) during the 1978-79 study (Table 4-5).

Dry deposition rates estimated from these two data bases are

shown in Table 4-6. For each method, some of the measured deposition

rates were excluded because they reflect extreme conditions that are

not representative of conditions at McCloud Lake. Calcium deposition,

in particular, appears to be strongly influenced by local anthropo-

genic influences, and data from three sites were excluded. Dry depo-

sition of calcium at Cross City (Table 4-3) reflected the proximity of

a school playground, whereas bulk deposition of calcium at Gainesville

was influenced a parking lot and city streets and bulk deposition of

calcium at Jasper reflected phosphate mining activity. Dry deposition

of sodium and chloride deposition at St. Augustine and bulk deposi-

tion of these ions at Hastings and Jasper reflected a strong sea-salt

influence that was not representative of McCloud Lake, and these data

were not used. Finally, ammonium deposition at Jasper seemed exces-

sively high (283 eq/ha-yr). Although the reason for the high ammonium

deposition is not known, this value was rejected as an outlier.

Dry deposition of alkalinity in the study of Brezonik et al.

(1983b) was inferred from the difference between the sum of measured

cations and the sum of measured anions (Table 4-5). From Table 4-5 it

appears that the inferred alkalinity was approximately 0.6 times the

calcium deposition. To estimate alkalinity deposition in this study,

this ratio was used in conjunction with estimated calcium deposition.

Dry deposition of NO2, SO^ HNO3, and alkalinity were used to

compute an "effective dry deposition" for protons. This computation
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assumes that the gases dissolve in water and undergo the fol lowing

reactions:

SO2 + + 1/2 O2 > + ZH"^ (4-6)

2NO2 + 1/2 O2 + H2O > 2N03" + ZH^ (4-7)

HNO3 > H"^ + N03~ (4-8)

The effective dry deposition of H"*" (D^+) was thus

Dh+ = Dso2 + Dno2 + Dhno3 " Dal k (4-9)

where D5Q2....Da
] |^

= deposition rates of subscripted substances,
eq/ha-yr.

The last two columns in Table 4-6 show dry deposition rates used

in the McCloud Lake model. These values bracket the measured or esti-

mated dry deposition rates for north Florida. Sodium and chloride

were further constrained to occur in a ratio of 0.88:1 (the ratio of

these ions in seawater--see Stumm and Morgan 1981), although this

constraint required very 1 ittle modification of observed deposition

rates (Table 4-6). As shown in Table 4-6, the estimated deposition of

Na"*" and CI" varied by a factor of three, while estimates of other

aerosol constituents varied by factors of three to ten. Estimates of

gaseous deposition varied by a factor of three, reflecting the use of

V(j values from 0.5-1.5 cm/sec. Deposition rates for NH4'^ and SO^^"

estimated from aerosol concentrations (Table 4-2) fel 1 within the

range of estimates made from bulk and dry collector data. Dry deposi-

tion constituents were assigned to three groups: 1) sea-salt compo-

nents (Na"^ and CI"), 2) anthropogenic aerosols ($04^", NO3", Ca^"^,

Mg^"^, K"^, and alkalinity), and 3) gases (SO2, HNO3, and NO2). To

compile the McCloud Lake mass balances, constituents within each group

were assigned the upper or lower estimates of dry deposition
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simultaneously. Thus, eight scenarios were constructed representing

combinations of high and low sea salts, high and low anthropogenic

aerosols, and high and low gases. All combinations of aerosol deposi-

tion (i.e., high sea-salt + low anthropogenic aerosols, low sea-salt +

low anthropogenic aerosols, high sea-salt + high anthropogenic aero-

sols, and high sea-salt + low anthropogenic aerosols) had ion balances

(equation 2-1) within 5%.

Since deposition of gases contributed to the effective H"*" depo-

sition and the deposition of alkalinity reduced the effective H"*"

deposition (equation 4-9), the higher estimate of H"*" deposition was

computed using the high estimate of gas deposition and the low esti-

mate of aerosol deposition. Conversely, the lower estimate of H"*"

deposition was obtained using the lower estimate of gas deposition and

the higher estimate of alkalinity deposition (Table 4-6).

Wet Precipitation

Wet-only precipitation at McCloud Lake, like precipitation

throughout northern Florida (Brezonik et al. 1983b), was acidic (vol-

ume-weighted mean pH: 4.5). The source of H"*" in wet precipitation can

be inferred from the anion composition. The occurrence of chloride

and sodium in a ratio of 0.85:1 in wet precipitation clearly suggests

a sea-salt origin for these ions rather than an HCl source for

chloride. The NO3' concentration in wet precipitation, 9.8 ueq/L,

could account for no more than 34% of the 29 ueq H"*'/L. Sulfuric acid

was therefore the primary source of protons in wet precipitation: the

SO4 concentration of 29 ueq/L was adequate to account for 100% of

the protons in wet precipitation.
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Wet precipitation accounted for 60-82% of the chloride, 59-81% of

the sodium, 62-93% of the nitrate, 75-88% of the ammonium, and 37-93%

of the sulfate deposition to McCloud Lake. Gaseous deposition was an

additional major source of sulfate and nitrate. Sulfur dioxide (SO2)

deposition, estimated to be 150-450 eq/ha-yr (expression on equivalent

basis assumes conversion to SO^^' at lake surface), was 25-40% of the

total sulfur deposition. The adsorption of NO2 at the lake surface

contributed 210-620 eq N03"/ha-yr, or 57-70% of the total NOx (NO3 +

NO2 + HNO3). Interestingly, although $04^" was the dominant acidic

anion in wet-only precipitation, the dry deposition loading of NO^ was

equal or greater than the dry deposition of $04^" + SO2 (Table 4-7).

Dry deposition of H"*" (equation 4-10) was a major source of

protons to McCloud Lake. Although the range of estimated values was

large (250-1090 eq/ha-yr), these estimates show that deposition of

gaseous species (primarily SO2 and NO2) may be an important source of

protons to McCloud Lake, and may account for 54-71% of the total

proton deposition.

Groundwater Chemistry

Table 4-8 shows water quality data for the 12 wells sampled

during May-October, 1982 (arithmetic means) and for the 1982 in-

seepage (flow-weighted means). These data show that precipitation

passing through the soils surrounding McCloud Lake was altered by

several mechanisms, even though these soils are extremely sandy and

permeable. First, evaporation concentrated the precipitation,

resulting in increased concentrations of conservative ions such as

chloride and sodium. Based on observed chloride values, well water
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Table 4-8. Chemistry of groundwater at McCloud Lake.

Seepage Meters Well Water

Constituent
Cone.

uea/L c./ci E.F.

Cone.
iieo/L C^CI E.F.

1.9 0 05 0 007-0 03\J m \J\J i \J » \J\J 1.9 0.02 0.003-0.01

Ca^-^ 92 L. • >J\J 1 ^ -7 Q 204 2.27 1.4 -7.6

51 1 30 2 6 -6 5 90 1.00 2.0 -5.0

Na" 34 0 87 1 0 91 1.01 1.0

20 0.50 1.3 -5.0 37 0.41 1.0 -4.0

36 0.92 0.2 -0.3 49 0.54 0.1 -0.2

n ~
L 1

on 1.00 90 1.00

nhJ 3 0.09 0.1 -0.2

NO- 4 0.10 .02 - .07 4.9 .05 0.01 -0.03

HCO3
^

123 3.14 280 3.11

Inferred from ion balance.
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was concentrated by a factor of 4 while in-seepage was concentrated

by a factor of A/3 (Table 4-8). The fact that in-seepage was less

concentrated than well water suggests that seepage flows to the lake

originated as precipitation that f el 1 very near the 1 ake shore and

passed rapidly through the soil and into the lake. Groundwater further

from the lake apparently remains in the soil longer and becomes more

concentrated by further evaporation.

Both seepage and wel 1 water had pH values between 5.5 and 6.0.

Neutralization of precipitation acidity probably occurs as the result

cation exchange that produces both alkalinity and dissolved Ca^"*" and

2+
Mg . This enrichment can be seen by comparing ion/Cl~ ratios in the

seepage and wel 1 water with the ion/Cl" ratios in the total (wet +

dry) precipitation using an enrichment factor (EF):

EF = (Cj/CI-K- (4-10)

where (C^-/Cl")j = ratio of ion i to CI" in compartment j;
(C^/Cl") = precipitation ion/Cl" ratio .

An enrichment factor of < 1 indicates a depletion of the ion

resulting from chemical precipitation or assimilation, while an

enrichment factor > 1 indicates enrichment from mineral dissolution or

mineralization. An EF of 1.0 indicates that the ion is conservative.

As seen in Table 4-8, calcium was enriched by a factor of 1.5-

8.0 in both the well water and in-seepage, while magnesium was en-

riched by a factor of 2.6-6.5 in the seepage and 2.0-5.0 in the wells.

Alkalinity, calculated by inference from the ion balance, roughly

balances Ca Mg in both seepage and well water. Potassium may also

have been enriched in the seepage and well waters, although when the

lower estimates of K"*" dry deposition were used to compute the EF,
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potassium appeared to be conservative in both compartments

(Table 4-8).

Sulfate was depleted in both seepage water (EF = 0.2 - 0.3) and

in well water (EF = 0.1-0.2). Sulfate adsorption or biological assimi-

lation was probably responsible for the sulfate depletion in the well

water although sulfate reduction could deplete sulfate if the well

water became anaerobic. Sulfate reduction undoubtedly caused the sul-

fate depletion in the seepage water, since this process occurred in

the laboratory seepage experiment (Chapter 3).

Both nitrate and ammonium were depleted in the subsurface

waters. Much of this depletion undoubtedly occurs as the result of

assimilation of these nutrients by terrestial vegetation and soil

microorganisms. These results are consistent with reports that

inorganic nitrogen is retained in forest soils (Impact Assessment

Group 1983). Denitri fication in littoral in-seepage also may account

for some of the nitrate depletion; laboratory seepage column experi-

ments (Chapter 3) also showed a dramatic reduction of nitrate in the

eluate.

Fate of Major Ions in McCloud Lake

Data on wet and dry precipitation, seepage flows, and changes in

storage were used to evaluate the fate of ions entering McCloud Lake.

Several approaches were used to evaluate in-lake sinks and sources of

ions. Annual mass balances were compiled for major ions and nitrogen

species using the equation

dM/dt = P + G,-, - G,^^ + S (4-11)

where dM/dt = change in storage, eq,
P = precipitation (wet + dry) inputs, eq/yr.
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'^in'^out " flroundwater inputs and outputs, respectively,
Tir/yr, and

S = sink (negative value) or source (positive value), eq/yr.

This approach has the advantage of not requiring steady state

conditions. However, evaluation of the sink/ source term is sensitive

to errors that result determining smal 1 differences between large

numbers. This problem is discussed in greater detail with respect to

the chloride mass balance below.

Sinks and sources of major ions also were evaluated by comparing

the ion/chloride ratios in the inflow (wet + dry precipitation + in-

seepage) to ion/chlorides ratios in the lake. Since chloride is

conservative in aquatic systems, the ion/chloride ratio of a substance

entering the lake can change only occur as the result of sinks or

sources of that substance within the lake. The magnitude of the sink

for substance i (S^) can be evaluated as:

Si = Lj/Lpi - [Cj], /[Cl]| X 100 (4-12)

M^kl

where Li r] = annual input of substance i and chloride, eq/yr,
[CiJL, [C1]l = concentration of substance i and of chloride

in lake, meq/L, and

Si = sink/source term , as per cent of input.

Although this approach assumes that the lake is at steady state, it

does not depend on measured changes in storage and is less sensitive

to errors in input load. Input loads and mean storage were also used

to compute the residence time (T) for various substances entering

McCloud Lake, where:

T = mean storage, eg (4-13)
annual input, eq/yr

The residence time of conservative substances such as chloride and

sodium is the same as the water residence time based on outflow.
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Shorter residence times indicate that a substance has an internal

sink, while longer residence times indicate an internal source.

Chloride

Most of the chloride entering McCloud Lake came from wet + dry

precipitation (Table 4-9); groundwater seepage accounted for < 25% of

the total chloride input. Although the mass balance equation for the

1981-82 model year indicated a source of 4960-5370 eq/yr, chloride was

undoubtedly conservative and the calculated source reflects a problem

with the mass balance calculation. Since the mass balance equation

(equation 4-11) computes the sink/source term as the difference be-

tween inputs, outputs, and the change in storage, it is subject to

errors that accrue from estimating smal 1 differences between large

numbers. The change in storage term is the most likely source of

error. During the model year, storage of chloride increased by 4470

eq (20% of the mean storage), compared with an annual precipitation

input of only 1120-1520 eq. However the change in storage term is

subject to errors in both chloride measurement and estimation of water

volume. The error term can be calculated from the equation:

EdM/dt = ± Ci*Evi ± Ec2*C2 ± ^2*^2 (^-l^)

- ^C1*^V1 1^C2*^V2

where ^HM/dt ^ error in change in storage for a given constituent,
VI, V2 = initial and final volume,
C1,C2 = initial and final concentration,

^V1»^V2 ^ error in initial and final estimates of volume, and

^C1»^C2 error in initial and final estimates of
concentration.

If each measured term had an error of only 5% of the true value, and

if initial and final storage were approximately equal, the potential

error in dM/dt could be as high as 25% of the mean storage. Although
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this example represents a worse-case scenario (all errors in the same

direction), it illustrates the type of problem encountered in using a

mass balance model for a substance that has a large storage relative

to inputs during the modeling period. For chloride, with a residence

time of 12.0-15.4 years in McCloud Lake, a much longer modeling

period would be needed to accurately estimate the sink/source term.

Sodium

Precipitation was also the major source of sodium to McCloud

Lake, accounting for 77% of the total input. The mass balance equa-

tion indicates a sink of 1360 to 2220 eq/yr, but this is < 10% of the

mean storage and is probably insignificant for reasons discussed

above. Calculations based on Na''"/Cl' ratios indicated a small sink

(11% of annual inputs), suggesting that sodium is nearly conservative.

The residence time for sodium in McCloud Lake, 13.5 to 17.2 years, is

very near that of chloride.

Sul fate

Wet + dry precipitation accounted for over 90% of the total

inorganic sulfur ($04^" + SO2) to McCloud Lake (Table 4-9). Both ion

ratios and the annual mass balance indicate that the lake was a sink

for sulfate. Although the mass balance yields a sink of 230 to 2820

eq/yr, the magnitude of this sink is small relative to the lake

storage of 24,360 eq and therefore subject to the type of errors

discussed above. The presence of a sink is confirmed, however, by ion

ratio calculations which indicate that 39-73% of the inorganic sulfur

entering the lake is lost internally and by the calculated residence

time of only 4.1 to 7.4 years.



The most likely mechanism for an internal sulfate sink is biolog-

ical sulfate reduction at the sediment-water interface. This hypothe-

sis is strongly supported by the sulfate pore water profiles (Figure

3-14), which show a distinct gradient of sulfate in the profundal

sediments, and by the seepage column experiments, which showed a loss

of sulfate in the groundwater eluate (see Chapter 3). These data alone

do not conclusively prove that biological sulfate reduction is respon-

sible for the observed sulfate sink since end products (FeS or H2S)

have not been identified. On the other hand, sulfate adsorption did

not occur to an appreciable extent in McCloud Lake sediments (Chapter

3), and it is unlikely that other mechanisms such as biological assim-

ilation or chemical precipitation of sul f ate-beari ng minerals

(Nordstrom 1982) could account for the observed sink. Furthermore,

the organic-rich sediment (over 90% volatile solids in the profundal

sediments) and warm temperatures (annual mean = 20° C) are conducive

to sulfate reduction in McCloud Lake. Although there is some evidence

that sulfate reduction may be inhibited below pH 5 (Zinder and Brock

1978), the pH of McCloud Lake sediments is generally above 5, perhaps

as a result of the pH-buffering effect of the sulfate reducers. Sul-

fate reduction has been observed in other acidic environments

including peat bogs (Rippon et al. 1980) and experimentally acidified

Lake 223 (Kelley et al 1982). The evidence for sulfate reduction in

McCloud Lake suggests that sulfate reduction may be an important sink

for sulfate in acidic seepage lakes.
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Cal cium, magnesium, and potassium

Mass balance calculations and comparisons of ion/Cl" ratios of

inputs and lakewater indicate that McCloud Lake is a sink for all

three cations. Ion ratio calculations, for example, show that 53-77%

of the calcium, 7-45% of the magnesium, and 78-92% of the potassium

entering the lake is lost through an internal sink. Potential sinks,

such as biogenic accumulation or precipitation of inorganic solids,

are unlikely to be important in McCloud Lake. Potassium generally is

assumed to be conservative. Potassium concentrations are rarely af-

fected by phytoplankton blooms (Wetzel 1975), K"*" was essentially non-

reactive in the neutralization experiments described in Chapter 3, and

there are few potassium-containing minerals that would precipitate in

a softwater lake. Chemical precipitation of calcium and magnesium is

also unlikely in this lake. It therefore appears that inaccuracies in

the estimated inputs of these cations are responsible for the apparent

sinks. Of the input components, wet deposition is undoubtedly the

most accurate. Dry deposition for these elements was estimated only

to within a range of approximately one order of magnitude, although

the values used undoubtedly bracket the actual dry deposition rates.

The term most likely subject to errors is in-seepage. As shown in

Table 4-9, in-seepage was a major source of calcium (39-64% of the

total loading), magnesium (44-58% of the total loading), and potassium

(29-62% of the total). Furthermore, a large (50%) error in calculated

in-seepage would be nearly undetectable in the water balance, since

in-seepage only accounted for 10% of the total inflow to the lake. For

example, a 50% reduction in in-seepage would change the computed end-

of-year water storage by only 3% but would decrease the total calcium
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loading by as much as 32% and increase the residence time to 4.4-8.2

years. It is apparent that more intensive sampling of seepage would

be required to obtain accurate estimates of fluxes of these cations in

McClould Lake. It should be noted that seepage was a minor source of

sulfate, protons, chloride, sodium, nitrate, and ammonium, and rela-

tively large errors in seepage loadings would have minimal effect of

budgets of these substances.

Nitrogen speci es

Wet + dry precipitation accounted for nearly al 1 (over 95%) of

the inorganic nitrogen input to McCloud Lake. The total NO3" load

(including NO2 and HNO3 adsorption at the lake surface) was 1940 to

4610 eq/yr, about five times that of NH^"^ (450-910 eq/yr). Both

species of nitrogen were removed from the water column by in-lake

mechanisms. The mass balance indicated an annual sink of 1350-1820 eq

for NH^"^ (several times the mean storage of 603 eq) and NH^'^'/Cl"

ratios show that 86-96% of the NH^"^ entering McCloud Lake was removed.

Nitrate had an annual sink of 2140-4810 eq during the model year,

compared with a mean storage of 670 eq. Ion ratio calculations indi-

cated that 97-99% of the input nitrate disappeared via an internal

sink. The residence times for these substances is appoximately one

year. Biological assimilation by phytopl ankton, bacteria, and macro-

phytes and the accumulation of organic nitrogen in the sediment are

probably the most important mechanisms for removing inorganic nitrogen

from the water column of McCloud Lake. Additional loss of NH^"^ may

occur as the result of adsorption to sediment surfaces and additional
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loss of nitrate may occur via denitrification. A detailed discussion

of the nitrogen cycle in McCloud Lake is presented in Chapter 5.

Proton balance

Nearly al 1 of the protons entering McCloud Lake come from wet

precipitation or are the the result of gaseous deposition of SO2,

NO2, and HNO3 directly to the lake surface. Seepage inflows contri-

buted 480 eq/yr of alkalinity (which was considered in calculations a

negative proton contribution) that neutralized 6-13% of the protons

entering the lake via precipitation. The lake was a sink for protons.

The mass balance and the ion ratios both indicate that 86-94% of the

input protons were lost by an internal sink. Potential mechanisms to

remove H"*" in McCloud Lake include sulfate reduction, nitrate assimila-

tion, and cation exchange. Sulfate reduction, which accounted for a

1 oss of 39-73% of the input sul fate, or 1290 to 4390 eq/yr (based on

ion ratio calculations), consumed an equivalent amount of protons and

was therefore a major sink for protons in McCloud Lake. Nitrogen

transformations were also important proton sinks. Assimilation of

NH4''" by organisms results in the release of protons (1 eq H"^ re-

leased/eq NH^"^ assimilated) to the environment, while assimilation or

denitrification of NO3" consumes protons (1 eq H"*" consumed/eq NO3"

consumed). Since nitrate input was approximately five times that of

ammonium input, the net result was a consumption of 1880-4550 eq NO3"

minus 400 to 870 eq NH^"^, or as much as 1010-4150 eq H^/yr. Cation

exchange of protons entering via precipitation with cations absorbed

on sediments may be a significant mechanism— as suggested by results

of laboratory experiments in Chapter 3— but the mass balance
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developed in this study was not sensitive enough to evaluate the magnitude

of this process.



CHAPTER 5

DECOMPOSITION AND NITROGEN CYCLING IN McCLOUD LAKE

Introduction

Grahn et al. (1974) proposed that acidification of lakes

induces a "sel f-ol igotrophication" process in which decomposition and

nutrient regeneration are retarded, resulting in decreased produc-

tivity in the water column. Although synoptic studies often show a

decrease in nutrient levels with decreasing pH (Aimer et al. 1974;

Crisman et al. 1980), it not clear whether decreased pH causes a

decrease in nutrient regeneration or whether the relationship between

low nutrient levels and low pH occurs because nutrient-poor lakes also

are most susceptible to acidification. Few studies have attempted to

quantify the relationship between pH and decomposition rates, and even

less work has been directed towards the effects of pH on the mineral-

ization and cycling of nutrients.

The objective of this chapter is to examine the effects of low pH

on decomposition and nitrogen mineralization in McCloud Lake. Lit-

toral sediment-water mesocosms (limnobags) were used to observe ef-

fects of pH alterations on nutrient levels and to conduct studies of

sediment metabolism. Laboratory microcosms, with and without sedi-

ment, were used to determine effects of pH on nutrient regeneration

under more closely controlled conditions. Finally, measurements of

all nitrogenous inputs and in-lake nitrogenous species were used to

evaluate historical trends, to determine sources and sinks of nitrogen

96
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in the lake, and to evaluate the role of atmospheric nitrogen inputs

in lake productivity.

Background

Effects of Low pH on Decomposition

Relatively few studies have been conducted to evaluate the role

of pH on the decomposition process in lakes, and the results of pub-

lished studies are mixed. Studies of the effects of pH on metabolic

rates in culture generally indicate a decrease in respiration with

decreasing pH (Traeen 1980; McKeown et al. 1968). Traaen (1980)

however, found that the lag phase observed in degradation of simple

substrates (glucose and glutamic acid) disappeared at pH values down

to 4.0 when the microbial seed used in his studies was accl imated at

the treatment pH, even though respiration rates in the exponential

growth phase were still somewhat lower at pH 4 than at pH 7. Lower pH

seems to have a greater effect on the decomposition of more complex

substrates, such as tree leaves containing lignin and cellulose, than

on simple substrates (Traaen 1980; Leivestad et al. 1976). This

occurs for two reasons. First, a relatively small number of organisms

can use cellulose, lignin, and other complex substrates, and many of

these organisms are pH-sensiti ve. Second, the microbial degradation

of leaves and other structurally complex material in aquatic systems

is facilitated by macroinvertibrates and insects that scrape and shred

the coarse material, making it amenable to microbial attack. There is

good evidence that adverse effects of low pH on these organisms inhib-

its degradation of leaves and woody material at low pH (Traaen 1980;

Hal 1 et al. 1980).
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Decomposition at the sediment surface of lakes may be relatively

unaffected by increased acidity of the overlying water. Gahnstrom et

al. (1980) found little correlation between lake pH and sediment

oxygen uptake by 10 cores from seven Swedish lakes (pH 4.5-6.8),

although lime treatment of L. Hogsjon (from pH 4.7 to pH 6.6) in-

creased sediment respiration by 30%. Andersson et al. (1978) found

that differences in oxygen consumption or CO2 production between

acidified (pH 3.1) and control (pH 4.5) cores disappeared after 75

days, although glucose turnover times were still longer in the acidi-

fied cores. Both Andersson et al. (1978) and Gahnstrom et al. (1980)

hypothesized that the amelioration of pH effects on benthic respira-

tion results from neutralization effects of the sediments. For exam-

ple, Andersson et al. (1978) found that while the difference in pH of

the overlying water in the acidified and control cores was 1.5 units,

the difference in sediment pH (2 cm depth) was only 0.5 units after

the 75 day incubation period. Decreased pH also may affect in-lake

decomposition through indirect mechanisms. Gahnstrom et al. (1980)

postulated that changes in the rate of sedimentation of organic mate-

rial may alter sediment respiration rates, and Grahn et al. (1974)

suggested that Sphagnum mats which often grow in acidic lakes may

inhibit diffusion across the sediment-water interface. It is also

plausible that the increased compaction that seems to accompany acidi-

fication of sediments (observed in the sediment titration experiments)

may result in diminished diffusion.

Whole lake manipulations indicate that decomposition and nutrient

cycling are not greatly affected by moderate pH alterations.

Schindler et al. (1980) found no changes in levels of dissolved
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inorganic carbon or in nutrient levels in Lake 223 following acidifi-

cation to pH 5.1 and concluded that evidence for reduced decomposition

was lacking. Schindler et al. (1980) noted, however, that Lake 223

lacked the coarse particulate shredders that may be most affected by

increased acidity. Dillon et al. (1979) found no change in the organ-

ic content of the sediments or in aqueous phosphorus concentrations of

three Ontario lakes that were limed to raise their pH levels from 4-5

to 7-8. Hultberg and Andersson (1982) reported no change in phos-

phorus concentrations in three Swedish lakes that had been limed over

a period of seven years.

Effects of Low pH on Nitrogen Cycling

The effects of acidification on rates of nutrient cycling in

aquatic systems have received very little attention, and the little

work that has been done has dealt almost exclusively with phosphorus.

Effects of acidification on the nitrogen cycle have been studied in

acidic soils and peat bogs, and these studies provide a basis for

generating hypotheses on the effects of acidification on nitrogen

cycling in aquatic systems.

Ammonifi cation

Other than the brief study by Leivestad et al. (1976), which

reported that ammonifi cation of peptone in culture was inhibited below

pH 5, there appear to be no studies of pH effects on ammoni fication in

aquatic systems. Alexander (1980) postulated that ammoni fi cati on

would not show marked pH sensitivity because a wide variety of bac-

teria and fungi can carry out the process. The study of ammonifica-

tion is complicated by the fact that NH4''" can be adsorbed by soils and
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sediments and can be converted to nitrate or be reassimi 1 ated. For

example, Francis (1981) observed greater NH^"*" accumulation in a pH 4.6

soil than in the same soil that had been acidified to pH 2.6 or

neutral ized to pH 7.0. Nitrate production, however, was greater in

both the acidified and the neutralized soil.

Nitri fication

The growth of autotrophic nitrifiers ( Nitrosomonas and Nitrobac-

ter ) is inhibited in culture below pH 5 (NAS 1978). Although

Alexander (1980) also concluded that nitrification in soils is gener-

al ly inhibited below pH 5, Lee and Stewart (1978) reviewed numerous

reports of nitrification in acidic soils and concluded that soil

acidity per se does not result in cessation of nitrification. The

variability of pH effects on nitrification is illustrated by the study

of Klein et al. (1982), who recently examined nitrification rates in

acidic (pH 3.6-4.1) soils from the Adirondacks by adding simulated

rain (pH 3.6, 4.1, and 5.6) to lab columns. While pH 3.6 rainfall

inhibited nitrification in two soils, it stimulated nitrification in

the third. Although rates of nitrification varied among treatments,

nitrification occurred in all soils and at all rainfall pH levels. In

a separate experiment, NH4"^ additions to flasks containing these soils

failed to stimulate NO3" production, leading these authors to postu-

late that heterotrophic nitrification, in which organic N is converted

directly to N03~, may have been responsible for the observed

nitrification.

Denitrif ication

Several studies have reported that denitrification rates decrease

below pH 7-8 (Noninik 1956; Focht 1974) and that the end product shifts
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from N2 to (Focht 1974; Blackmer and Bremner 1978). However, as

with nitrification, denitrification has also been reported in acidic

soils and bogs (Ekpete and Cornfield 1965; Martin and Holding 1978).

At low pH chemodenitrification may occur by autodecomposition of NO2

and by reactions of NO with aromatic compounds (Broadbent and Clark

1965; Bremner and Nelson 1968). The significance of these reactions in

natural soils and lake sediments is unknown.

Nitrogen fixation

The most important agents of nitrogen fixation in aquatic sys-

tems are blue-green algae. Numerous studies have shown that popula-

tions of blue-green algae are reduced at pH levels below 5 (Brock

1973; Leivestad et al. 1976; Aimer et al. 1978; Yan and Stokes 1978),

and it is reasonable to conclude that nitrogen fixation is also dimin-

ished below pH 5. Heterotrophic (bacterial) nitrogen fixation may

occur in lakes under anaerobic conditions (MacGregor and Keeney 1973,

Brezonik and Harper 1969), and the effects of pH on these organisms

has not been studied. However, nitrogen fixation rates appear to be

inversely related to inorganic N:P ratios (Vanderhoef et al. 1974) and

the softwater lakes that are susceptible to acidification tend to have

high N:P ratios. Consequently, nitrogen fixation is not likely to be

an important process in these lakes, regardless of pH.

Methods

Littoral Mesocosms

Three in-lake mesocosms (cylindrical enclosures) were placed in

the littoral zone of McCloud Lake to evaluate the effects of pH on

biological and chemical processes. The 4- m di ameter enc 1 osures

,
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designed after Landers (1979), were placed in the lake in March, 1981

at a depth of one meter. Fol 1 owing a month of stabi 1 ization, acid

(0.72 N H2SO4) was added to lower the pH of one enclosure to 3.6 while

base was added to a second enclosure to raise its pH to 5.6. A third

enclosure received no acid or base and served as a control. Weekly

additions of acid or base were made in an attempt to reach target pH

levels within one month. While the low pH was attained within a

month, frequent additions of acid were required to maintain a pH of

3.6. The pH of the neutralized enclosure barely changed within the

first month, and repeated additions of base were required to maintain

a pH of approximately 5. The process of sediment neutralization

believed to be responsible for the observed resistance to pH altera-

tion has been discussed in Chapter 3. Throughout the first 16 weeks

of the experiment, samples were collected weekly from each mesocosm

and from the adjacent littoral water for analyses of pH, major ions,

and major nutrients (N and P species). Dissolved oxygen (D.O.) and

temperature were measured in the field with a YSI D.O. meter. Chemi-

cal analytical methods are described in Chapter 2; methods for

sampling and analyses of bacteria, zooplankton, phytop 1 ankton , and

chlorophyll are described by Crisman et al. (1983).

During late July and August, 1981, three experiments were con-

ducted to measure diurnal fluxes of O2, NH^"*", and soluble reactive

phosphate (SRP) across the sediment-water interface of each mesocosm.

Clear plexiglass chambers (30 x 20 x 20 cm) were placed on the bottom

of each mesocosm and sealed by inserting the bottom edge '-'5 cm into

the sediment. A pumping system (Figure 5-1) was used to withdraw

samples for measurements of D.O. (by Winkler titration in experiment
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1) or to circulate water across an in-line D.O. electrode (experiments

2 and 3). In al 1 three experiments samples were withdrawn for nut-

rient analyses during each 2-5 hour interval. In the second and third

experiments, D.O. and nutrient analyses were also made in the main

water column of each mesocosm in order to determine whol e-mesocosm

fluxes.

Gross productivity, respiration, and net productivity were calcu-

lated from diurnal O2 flux curves using the procedure outlined by Hall

and Moll (1978). Ammonium and phosphate fluxes were obtained by

integrating the area under the time-flux curves.

Microcosm Experiments

Water-only and sediment-water microcosm experiments were conducted

to evaluate decomposition and nitrogen cycling under more controlled

conditions. Water-only microcosms were constructed by fi 1 1 ing BOD

bottles with McCloud 1 akewater and dried, homogenized substrate

(pi ankton tow materi al or benthi c macrophyte ti ssue). After pH ad-

justment (with H2SO4 or NaOH) and the addition of a microbial seed,

five bottles at each pH level (2.6, 3.6, 4.6, 5.6, and 6.6) were

sealed and incubated for three weeks. Dissolved oxygen measurements

were made each week using a stirring D.O. electrode and at the end of

the incubation period using a Winkler titration. Samples for nutrient

analyses (NH4''" and SRP) were also collected at the end of the exper-

iment. The three mL of water removed from each bottle for nutrient

analyses was replaced with DDW prior to oxygen analysis. The micro-

bial seed in the first experiment was prepared by adding 10 mL sedi-

ment + 10 mL 1 akewater to large test tubes and adjusting the pH of the
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water to treatment pH levels. After a one-week acclimation period, 1

mL of overlying water was withdrawn and added to each BOD bottle. The

same procedure was used in the second experiment, except that 1 mL

activated sludge from a neutral-pH environment was added to the test

tubes containing sediment and water prior to pH adjustment.

Nitrogen regeneration was also evaluated in sediment-water micro-

cosms that contained one liter of littoral sediment and nine liters of

synthetic lakewater. Following a one-week stabilization period, the

pH in al 1 microcosms was 5.8-6.1. Treatment pH levels (3.5, 4.0, 4.5,

5.0, and control -"^5.6) were attained by adding acid (1 N H2SO4) to

duplicate microcosms. Repeated additions of acid were required over

the 15-week experiment to maintain desired pH levels, apparently

because of neutralization of the added acid by the sediments (see

Chapter 3). To measure mineralization products directly, ^^N-labelled

algae was added to each microcosm. To obtain the labelled algae,

Mougeotia sp. was grown on WC medium with ^^KN03 substituted for 50%

of the NaN03. The dense growth obtained in three weeks was collected

by passing the entire contents of the culture aquaria through 200 u

Nitex screen, then through 22 u Nitex screen. The collected algae was

then homogenized using the pulse cycle on a Waring blender. The re-

sulting slurry was divided into five beakers and adjusted to treatment

pH levels with 0.1 N H2SO4. Three fifty mL aliquots from each pH

level were poured into smaller beakers and allowed to sit overnight.

The last step was taken to assure that any nutrient release due to the

shock of rapid pH change would occur prior to adding the algae to the

microcosms. Individual aliquots of the algae were then reconcentrated

with the Nitex screen and added directly to the microcosms; one beaker
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of algal concentrate at each pH level also was saved to determine dry

weights. The microcosms were kept in the dark to observe nutrient

regeration rates; samples for nutrient analyses and isotope ratio

analysis were collected throughout the next 105 days.

Nitrogen Mass Balance

A mass balance of nitrogen in McCloud Lake was compiled for 1982.

Methods for measuring wet precipitation and seepage fluxes and for

estimating dry deposition of NH4'*', NO3", NO2, and HNO3 were described

in Chapter 4. Atmospheric deposition of organic nitrogen was estimated

using ratios of organic N/inorganic N observed at other north Florida

sites (Brezonik et al. 1983b) together with inorganic N deposition

data for the McCloud site.

Results

Enclosure Experiment

Concentrations of nitrogen species in the littoral mesocosms are

plotted in Figure 5-2. The most striking observation in this experi-

ment is the large peak in NO3" that followed a peak in NH^''" in the

acidified mesocosm. The increase in NH^"*" occurred during the seventh

through tenth weeks and was accompanied by a decrease in D.O. to <75%

saturation (compared with 100% saturation throughout the rest of the

experiment). Visual signs of decomposition including increased tur-

bidity (week 10) and floating macrophyte strands and insect castes

(week 11) were also observed. Ammonium concentrations peaked at 0.180

mg N/L during week 10 and then declined during the next three weeks

while NO3" rose to 0.212 mg N/L by week 13. This sequence of events

strongly suggests a classic ammonification-nitrification sequence, and
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is notable because nitrification often is considered to be inhibited

below pH 5 (see discussion above).

Levels of inorganic nitrogen were relatively stable in the other

mesocosms. Nitrate concentrations increased briefly following the

initial addition of base to the neutralized mesocosm but then declined

and remained relatively constant. Ammonium concentrations in the

control mesocosm showed a moderate increase during weeks 7-8, when

algal strands appeared white and were apparently decomposing. Rela-

tively stable inorganic N levels in the two less acidic mesocosms and

in the littoral water suggest that nutrients released during minerali-

zation were reassimi 1 ated rapidly and did not accumulate. Alterna-

tively, the accumulation of NH^"*" at low pH may have been the result of

decreased NH4''" adsorption by the surface sediments.

Differences in levels of total organic nitrogen (TON), NH^"*", and

NO3" in the mesocosms and the littoral zone were compared during weeks

5 through 20 using a paired t-test (Mendenhall and Ott 1972). Average

levels of TON were similar in all three mesocosms (0.363, 0.343, and

0.304 mg N/L at pH 5, 4.6, and 3.6, respectively), but they were

somewhat lower than TON levels in the adjacent littoral zone (mean=

0.420 mg N/L). The mean differences were significant for littoral

versus pH 4.5 (p = 0.02) and littoral versus pH 3.6 (p = 0.09). The

most likely explanation for lower TON levels in the mesocosms is

decreased turbulence, which reduced the amount of suspended material

in the water column. Ammonium concentrations were highest in the pH

3.6 mesocosm (mean = 0.061 mg N/L), largely because of the decomposi-

tion event discussed above. The paired t-test shows significant dif-

ferences in NH4+ concentrations between pH 5 and pH 3.6 (p=0.07) and



109

between the littoral zone and pH 3.6 (p<0.01). Nitrate levels were

also highest in the low pH mesocosm (mean = 0.056 mg N/L) but were

similar in the other mesocosms (mean = 0.010 mg N/L at pH 5 and 0.012

mg N/L at pH 4.6) and in the littoral zone (mean = 0.019 mg N/L).

Differences between nitrate levels in the acidic mesocosm and the

other treatments and the 1 ittoral zone were al 1 significant at the

0.10 level or better (Table 5-1).

Measurements of oxygen and nutrient fluxes at the sediment sur-

face revealed distinct diurnal cycles for D.O. and NH^"'' (Figure 5-3),

but SRP concentrations remained so low in the sediment chambers that

flux rates could not be determined. During all three 24-hour experi-

ments O2 levels increased during the day as the result of photosyn-

thesis and decreased during the night when only respiration occurred.

Ammonium fluxes were opposite: NH^^ fluxes were negative during the

day (i.e., net removal from the water) and positive at night (i.e.,

net gain by the water). Presumably this pattern occurred because NH4''"

assimilation by macrophytes and periphyton was higher during the

daytime (Toetz 1971), resulting in a net loss of NH4''' from the over-

lying water. At night, reduced rates of NH^"*" assimilation in conjunc-

tion with continued mineral izat ion of organic nitrogen resulted in

positive NH^"^ fluxes.

Daily respiration in the chambers was computed by connecting the

last pre-dawn measurement with the first post-sunset measurement, as

suggested by Hal 1 and Mol 1 (1978). The rationale for this is that

respiration rates increase during the daytime, as evidenced by the

fact that post-sunset respiration rates are nearly always higher than
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Table 5-1. Statistical analysis of differences in nitrogen species in

littoral mesocosms during 12 weeks following pH adjustment.

Treatment pH pairs
^

0 VS 4.0 0 VS 6.0 4.D VS 0.0 L VS b
C 1 A C0 L VS 4 .

0

1

L VS 0.0

Organic N

d 0.019 0.059 0.040 -0.057 -0.076 -0 .116

Sd 0.191 0.167 0.244 0.138 0.097 0 .209

*d
0.34 1.22 0.57 -1.43 2.71 1 .92

P >0.10 >0.10 >0.10 >0.10 0.02 0 09

NH^

d -0.007 -0.034 -0.027 -0.016 -0.010 0 018

^d
0.035 0.057 0.058 0.018 0.038 0 063

t -0.64 -2.07 -1.61 -4.26 -0.91 -0 99

P >0.10 0.10 0.07 <0.01 >0.10 >0 10

NO"

d 0.003 -0.030 -0.032 -0.021 -0.024 0 009

Sd 0.009 0.054 0.051 0.020 0.016 0 039

t 1.12 1.92 2.17 3.64 5.30 0. 80

P >0.10 0.09 0.05 <0.01 <0.01 >0. 10

All concentrations in mg/L. d = mean difference; S. = standard
deviation; t, = test statistic for paired t-test; P = probability
level.
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pre-dawn rates. Areas representing respiration (R) and gross primary

productivity (GP) are illustrated in Figure 5-3. Net primary produc-

tion (NP) was calculated as the difference bewteen 6P and R. Positive

and negative NH^'*' fluxes were calculated by simply integrating the

areas above and below the baseline ( Figure 5-1).

Respiration rates in the three experiments (Table 5-2) averaged

1.37, 1.29 and 1.05 g/m^-d at pH 5, 4.6, and 3.6, respectively, and

did not differ significantly among treatments (based on paired t-

tests). Mean gross production was nearly identical at pH 5 (1.30

g/m^-d) and at pH 4.6 (1.29 g/m^-d) but was slightly lower at pH 3.6

(1.05 g/m -d). The paired t-test showed that differences between

treatments were marginal ly significant for pH 3.6 versus pH 4.6 (p =

0.10). Net production rates were very low in all chambers and repre-

sented a small portion of the daily gross production. Ratios of gross

photosynthesis to respiration (P/R ratio) were close to 1.0 during all

observations except one (August 25, pH 5). These data indicate that

photosynthesis and respiration were essentially balanced at all pH

levels during these experiments.

Respiration rates determined in the mesocosm sediments were com-

pared with sediment respiration rates determined for other oligotro-

phic lakes (Gundersson et al 1980; Andersson et al. 1978; Hayes and

MacAuley 1959) to elucidate the relationship between pH and sediment

respi ration. The data in Tabl e 5-3 incl ude the only two 1 akes from

the study of Hayes and MacAuley (1959) that could be considered clear

and oligotrophic (based on data from Hayes and Anthony 1958). The

data of Andersson et al. (1978) include sediment respiration rates

determined for acidified and non-acidified cores from L. Tjarnesjon
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Table 5-2. Oxygen and ammonium fluxes in littoral mescocosms.

2
O2 Fluxes, g/m -d

Sediment Whole Mesocosm

Date pH GP R NP P/R GP R NP P/R

7/25 5

4.6
3.6

1.80
1.29

0.94

1.73

1.19

0.82

0.07
0.10
0.12

1.04
1.08
1.15 -

8/10 5

4.6
3.6

1.66

1.39

1.09

1.74
1.43

0.97

-0.08
-0.03

0.12

0.95
0.98
1.12

3.36
4.74
2.51

3.62
5.54
2.19

-0.26
-0.80
0.32

0.93
0.86
1.15

8/25 5

4.6
3.6

0.43
1.20

1.12

0.65
1.27

1.24

-0.22

-0.07
-0.12

0.66
0.94
0.90

2.97
2.98
2.35

3.18

3.51

2.67

-0.21

-0.53
-0.32

0.93
0.85
0.88

NH^ Fluxes, mg/m -d

Sediment

Date pH + - Net +

7/25 5 25.2 15.6 9.6
4.6 8.0 11.7 -3.7

3.6 6.6 10.9 -4.3

8/10 5 24.4 11.7 12.7 105.6 52.5 53.2

4.6 17.3 10.6 6.7 32.6 63.3 -30.7

3.6 10.3 14.2 -3.9 32.7 36.8 - 4.1

8/25 5 14.8 1.3 13.5 26.7 11.7 15.0
4.6 4.7 5.5 -0.8 10.0 8.8 1.2

3.6 4.8 6.2 -1.4 9.6 8.7 0.9

Whole Mesocosm

Net
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Table 5-3. DO uptake rates for oligotrophic lake sediments.

^2 0.. at

Lake pH Depth T, °C
2

g/m -d 20 °C

Bluff, Hayes & MacAuley (1959) 5.3 11 .188 0.393

Grand, Hayes & MacAuley (1959) 6.4 11 .264 0.552

L. uaras>jun uaiinbtroiTi cu ai . ^lyou^

( 3/79) 4.5
4.6

4.6

3

18

J

18

6

6
7/

7

.305

.411

. OIL

.569

0.962
1.296
n Qi

1.65

L. riuicii \C/ 1 1 j uaiiiioLiuiii cl ai.

(1980)

DO J 1 . o /

L. nogsjon \L\j/i/) bannstroiTi ei, ai.

(1980)

& 7 1 t> 1 niU . t/u 1 07

L. ijaiiicojuii \0/ / 0 ) uaririoLruiii cL ai*

(1980)

n3 . U C o 1 niU . toy 1 nn

1 «^tnv"a MooHon (Fy/7P,\

Gahnstrom et al . (1980)

'^ 1 HO 1 n U . Do

L. jUUra ndi> Leva L Lcil \u//yj

Gahnstrom et al . (1980)

b . d
o
O

1 o12 .411 0. 79

L. Skarsjon (6/75) Gahnstrom et al

.

(1980)
5.2 8 12 .377 0.73

L. Tjarnesjon, Andersson et al . (1978) 4.5

3.1 -

10

10

.52

.52

1.18

1.18

McCloud Lake mesocosms:
pH'v^S 7/25

8/10
8/25

4.8

M.6
4.6 i

30

31

31

1.73

1.74
0.65

0.76
0.83
0.31

pH 4.6 7/20

8/10
8/25

4.5

4.4
4.4

30

31

31

1.19

1.42

1.27

0.52
0.68
0.61

pH 3.6 7/20
8/10
8/25

3.7

3.8
3.7

1 30

31

31

0.82
0.97
1.24

0.39
0.46
0.59

^See equation 5-1.
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fol lowing a 75 day accl imation period. Since sediment respiration

rates were determined at a variety of temperatures in these studies,

the published rates were converted to respiration rates at 20° using

the, equation (Metcalf and Eddy, 1972):

K2 = K^exp^c^'I'l - '''2)
(5-1)

where Kj,K2 = respiration rates at temperatures and T2

respectively, and

t(- = temperature correction factor.

The value of 0.082 used for t^- in these calculations was based on a

review of literature on factors affecting benthic respiration (Baker

1980) and corresponds to a Qj^g °^ 2.23. Figure 5-4 shows that there

is little relationship between pH and respiration for the lakes

studied; a st rai ght- 1 i ne linear regression for these data has a

correlation coefficient of only 0.09. These data suggest that pH

does not greatly affect sediment oxygen consumption in lakes.

Whole mesocosm GP and R, determined on August 10 and August 24

(Ogburn, unpublished data) show no differences in GP or R among treat-

ments (Table 5-2). It is interesting to note that benthic 6P and R

generally were less than 50% of the whole mesocosm GP and R, even

though the depth of the mesocosms at the time of these experiments was

less than 1 m. These data suggest that phytopl ankton and the peri-

phyton and associated fauna attached to the polyethylene limnobags

contributed substantially to the metabolism of the mesocosms. There

was no discernible pH trend in the ratio of sediment/whole mesocosm GP

or R.

Benthic ammonium fluxes showed a clear pH trend. Positive fluxes

were greater at pH 5 (mean = 22 mg/m^-d) than at pH 4.6 (mean
of NH^
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Figure 5-4. Sediment oxygen utilization at 20° C.
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= 10 mg/m -d) or pH 3.6 (mean = 7 mg/m^-d). The paired t-test indi-

cates that the differences were significant between pH 5.6 and pH 4.6

(p = 0.07) and between pH 5 and pH 3.6 (p = 0.03). Negative NH4'^

fluxes were similar in all three mesocosms and generally lower than

the positive fluxes (Table 5-2). Net NH^"*" fluxes were positive at pH 5

(mean = 12 mg/m^-d) and at pH 4.6 (mean = 0.7 mg/m^-d) but negative at

pH 3.6 (mean = -3.2 mg/m^-d). These differences were significant for

pH 5 versus pH 4.6 (p = 0.05) and for pH 5.6 versus pH 3.6 (p < 0.01).

Positive fluxes for the whole mesocosms also were higher at pH 5 (66

mg/m^-d) than at pH 4.6 or pH 3.6 (mean = 21 mg/m^-d in each), while

negative fluxes were relatively uniform (Table 5-2). These differ-

ences were, however, not significant at the p = 0.10 level.

Ammonium Adsorption

Effects of acidification on phosphorus adsorption and precipi-

tation have been studied (Aimer et al. 1978), but there is no mention

in the literature on the effects of acidification on NH4'*' adsorption.

It is reasonable to postulate that NH^"*" is desorbed from sediment

surfaces at low pH because surfaces are less negatively charged at low

pH. To determine whether desorption occurs, NH^"*" levels were measured

at each pH level of a batch acidification experiment (Chapter 3) using

McCloud littoral sediment. The results (Figure 5-5) show that NH^"*"

desorption is substantial below pH 5. At pH 4.94 (control), the

average ammonium concentration was 0.033 mg N/L, and the concentration

increased to 0.140 mg N/L at pH 3.57. Since biological activity was

inhibited by the the addition of chloroform, cation exchange is the

only reasonable mechanism to account for these results. It can be

inferred from these results that lake acidification may result in
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enhanced NH^'*' re 1 ease i f the pH of the surf icial sediments a1 so de-

creased.

As pH levels approach the pK;^ for NH^'*' (8.3), an increasing

fraction of the total NH3 + NH^"*" is present as NH3, a neutral species

that does not undergo cation exchange. At pH 7, only 5% of the total

NH^"*" + NH3 exists as NH3, while at pH 8.3, 50% exists as the non-

ionized species that would be found in solution rather than on sedi-

ment surfaces. Thus, as pH in the experimental bottles increased from

5.0 to 8.0, ammonium levels increased from less than 0.05 mg N/L to

over 0.12 mg N/L (Figure 5-5).

Microcosm Experiments

Water-only microcosms

In the initial decomposition experiment, pH-adjusted McCloud

sediment was used as seed to facilitate microbial decomposition of

dried plankton. Measurements of dissol ved oxygen at the the end of

week 3 show that maximum O2 uptake occurred at pH 4.5. Uptake was

significantly lower at pH 2.6 and at pH 6.6 (Figure 5-6A). Apparent-

ly, the one-week acclimation period was not sufficient to grow bacte-

ria with higher pH optima. The experiment was repeated using a mixed

seed developed from McCloud sediment and activated sludge (pH '^1).

The results of this experiment (Figure 5-6B) show that O2 uptake

increased in the pH range 2.6 to 4.6 but remained constant in the pH

range 4.6 to 6.6. The addition of bacteria from a neutral -pH environ-

ment (activated sludge) thus broadened the pH range of optimum oxygen

uptake, presumably reflecting the mixture of bacteria having different
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pH optima. The results suggest that bacteria from the surficial sedi-

ment of McCloud Lake are well-adapted to their environmental pH.

Sediment-water microcosms

Ammonium concentrations in the sediment-water microcosms fluc-

tuated considerably (Figures 5-7 to 5-11) but did not increase signif-

icantly following the addition of labelled algae in any of the micro-

cosms with a pH > 4. At pH 3.5, a modest rise in NH^"*" levels did

occur (Figure 5-7). Concentrations in both pH 3.5 aquaria increased

to^ 0.140 mg N/L by day 17, then gradual ly decl ined. Isotope ratio

analyses of microcosm NH4'*" conducted on days 2, 9, 22, and 38 showed

that very little of the NH^"*" in the water at any time originated from

the labelled algae (Table 5-4). The maximum observed ^^NH^"*" concen-

trations in the microcosms were at pH 3.5 (0.010 mg ^^N/L in replicate

A and 0.014 mg ^^N/L in replicate B); ^^NH^"^ levels in the other

microcosms never exceeded 0.010 mg/L. Since the 68 mg algae added to

each microcosm with a 50% label contributed r^-O.lS mg organic N/L, the

NH^"*" in the water column always was less than 8% of the organic N

added. These results are consistent with those of Nichols and Keeney

(1973) who reported little ammonium release following the addition of

herbicide-killed macrophytes to sediment-water microcosms.

Thus, most of the increase in NH^'*' at pH 3.5 was apparently due

to the continued release of sediment-bound NH4''". As noted earlier,

frequent additions of acid were required to maintain the low pH levels

in this experiment, and the release of sediment-bound NH4''' continued

during at least the first 30 days following the addition of labelled

algae. These results are consistent with the finding of NH4''' desorp-

tion in the sediment acidification experiments.
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15
Table 5-4. Concentrations of NH.-N in sediment-water microcosms.

Values in mg N/L

pH and Replicate Day 2 Day 9 Day 22 Day 38

3.0 A n nriQU . UU3 n mn 0.002

3 C D0.0 D U . Ult 0 010 0.005

/I n A <U . UUi U . UU%^ 0 on? <0.001

/I n DH . U b DDIvU . UU

1

n flDQU . \J\JJ 0 001 <0.001

4.5 A <0.001 0.005 0.001 <0.001

4.5 B <0.001 0.003 <0.003 <0.001

5.0 A <0.001 0.003 0.002 <0.001

5.0 B <0.001 0.003 0.002 0.002

5.5 A <0.001 0.003 0.001 <0.001

5.5 B <0.001 0.003 0.001 <0.001
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Levels of NO3" increased in all microcosms. Since no nitrate was

added, and NO3" does not accumulate in sediments by adsorption, it is

clear that nitrification occurred at all pH levels. At pH 3.5, NO3"

levels increased from 0.123 mg N/L at day 1 to 0.368 mg N/L by day 29

in replicate A and from 0.063 mg N/L at day 1 to 0.210 mg N/L by day

60 in replicate B. Although nitrate levels increased significantly at

pH 3.5 and 4.0, the increases were more pronounced at pH 5, where

concentrations increased from < 0.100 mg N/L to over 0.400 mg N/L

within the first month (Figure 5-10). At pH 5.7 (control), NO3'

levels were already high (-^0.45 mg N/L) when the labelled algae were

added, but increased further to over 0.60 mg N/L within the first

month (Figure 5-12).

Isotope ratio analyses were not conducted for the NO3" in the

microcosms, and consequently it is not possible to determine the

fraction of N03~ produced that originated from the labelled algae. It

is likely that some of the NO3" originated from sediment-bound NH^"*"

that was oxi di zed fol 1 owi ng re 1 ease to the water. Regard 1 ess of the

ammonium source, it is clear that nitrate was produced, even at pH

3.5. This confirms the observation of nitrification in the McCloud

Lake littoral mesocosms and demonstrates that nitrification can occur

in highly acidic lakes. Further work is needed to demonstrate whether

the process is mediated by pH-tolerant heterotrophs or whether auto-

trophic nitrifiers carry out the process in relatively neutral sedi-

ments.
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McCloud Lake Nitrogen Balance

Precipitation

Methods of measuring inorganic nitrogen deposition were dis-

cussed in Chapter 3. To estimate the input of total nitrogen entering

McCloud Lake, an estimate of organic N was needed. Brezonik et al.

(1983b) reported that organic N deposition in bulk precipitation was

36-64% of the inorganic N deposition at 4 north Florida sites (Gaines-

ville, Waldo, Jasper, and Hastings). These ratios were used to esti-

mate organic N deposition to McCloud Lake from the bulk deposition

(wet + aerosol) inorganic N (Table 5-5).

Wet deposition accounted for 20-48% of the total deposition of

NO3" and HH^'^. Since concentrations of both inorganic species were

inversely correlated with monthly precipitation volume (r = -0.53 for

NOj" and -0.47 for NH^"*"), monthly loadings were fairly uniform (Figure

5-12). Gaseous deposition of NO2 and HNO3 (3.1-9.2 kg/ha-yr) was an

important source of N03~ to the lake, accounting for approximately 40%

of the atmospheric nitrogen input. Aerosol NH4''' deposition was a minor

source of nitrogen, accounting for only 0.1 - 0.3 kg N/ha-yr. Deposi-

tion of organic N, estimated to be 1.2-3.6 kg N/ha-yr, was comparable

with bulk (wet + dry) ammonium deposition.

Bulk precipitation of total N (Table 5-5) at McCloud Lake

(estimated from wet + aerosol deposition to be 4.4 - 9.3 kg/ha-yr) was

similar to the state average of 7.7 kg/ha-yr (Brezonik et al. 1983b)

and to the 1968 bulk deposition at nearby Anderson-Cue Lake (Brezonik

et al. 1969). While bulk total N deposition has not changed apprecia-

bly in 14 years, bulk NO3" deposition appears to have increased from

1.7 kg/ha-yr to 2.1-3.3 kg/ha-yr.
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Table 5-5. Deposition of nitrogenous species at McCloud Lake.

kg/ha-yr

nhJ NO- TON TN

McCloud Lake, 1982

Wet only

Aerosol

Est. bulk

Gaseous

1.0

0.1-1.4

1.1-2.4

-

2.0

0.1-1.3

2.1-3.3

2.9-8.7 (NO2)

0.2-0.5 (HNO3)

1.2-3.6 4.4 -9.3

Total 1.1-1.4 5.2-12.5 1.2-3.6 7.5--17.5

Ander<;nn-rijp IQfiR

Bulk 1.7 1.7 2.9^ 6. 3

State ave., 1978-79

Bulk 7. 7

^Nine-month total

.
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Figure 5-12. Wet-only deposition of inorganic nitrogen

to McCloud Lake.
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McCloud Lake nitrogen

Concentrations of organic N and inorganic species fluctuated

considerably during 1981-1982, although a seasonal pattern is not

clear (Figure 5-13). The distinct rise in nitrate levels during the

fall and winter suggests that nitrification may have occurred, partic-

ularly since increasing NO 3" levels paral 1 el ed a decl ine in NH4''".

However, NO3" deposition during the period October, 1981 -January 1982

was estimated to be 7-20 kg, or 0.06-0.17 mg N/L lakewater, and could

account for the observed rise if algal uptake of nitrate were minimal.

Data in Table 5-6 indicate that the TN/TP ratio in 1981-82 was

40:1 while the ratio of soluble inorganic nitrogen to soluble reactive

phosphate (SIN:SRP) was 33:1. Since a SIN:0P ratio of 20:1 generally

is recognized as an indication of phosphorus limitation (Porcella and

Bishop 1975), it can be concluded that algal growth in McCloud Lake is

phosphorus limited.

Nutrient data from 1968-69, 1978-79, and 1981-82 (Table 5-6)

reveal no significant trends in TON, NH^'*', NO3", total P, or SRP. If

acidification has caused a decreased in nutrient levels, the trend is

not yet discernible in McCloud Lake. This observation is consistent

with the studies of Schindler et al. (1980), Hultberg and Andersson

(1982), and Di 1 1 on et al . (1979) which report little or no change in

nutrient levels following artificial pH manipul ations in lakes.

Mass bal ance

As noted in Chapter 3, 98-99% of the nitrate and 95-98% of the

ammonium entering McCloud Lake comes from atmospheric deposition.

Organic nitrogen in seepage was not measured, but since seepage flows
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Figure 5-13. McCloud Lake nitrogen species.



134

Table 5-6. McCloud Lake nutrient concentrations, 1968-1982.

Concentrations as mg/L

1968^ 1978*^ 1981-82

Total organic N 0.420 0.243 0.363

+
NHJ - N 0.105

c
0.184^ 0.070

NO3 - N 0.041 0.063

Total N 0.566 0.427 0.484

Organic P 0.006 0.011 0.012

PO" - P 0.006 0.005 0.004

Total P 0.012 0.016 0.012

TN/TP 47 27 40

SIN/OP 24 37 33

^Brezonik et al . (1969).

Brezonik et al . (1983b).

Total inorganic nitrogen.
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were <1Q% of the total water input, inputs of organic N via seepage

were assumed to be negligible.

Inorganic nitrogen entering the lake was rapidly immobilized.

Ammonium has a residence time of 0.7-1.4 years and nitrate has a

residence time of 0.1-0.3 years (Table 5-7). Ammonium probably is

immobilized by biological assimilation and sedimentation as organic N.

Nitrate is immobi 1 ized by biol ogical assimi 1 ation, but al so may be

lost via denitrification. Several lines of evidence support the view

that denitrification may occur in McCloud Lake. First, nitrate was

almost completely removed from the eluate in the groundwater seepage

experiments (Chapter 3). Second, pore water profiles in both the

littoral and profundal sediments (methods described in Chapter 4) show

a dramatic N03~ gradient in the upper 5 cm (Figure 5-14), suggesting

that nitrate diffuses into the surficial sediments and is transformed.

Finally, NO3" levels in the sediment-water microcosms decreased after

reaching peak levels (Figures 5-7 to 5-11). Although these data

clearly suggest that nitrate is transformed in the sediments, it is

not certain whether denitrification is the mechanism responsible.

Assimilation by macrophytes, algae, or bacteria in the surficial

sediments could cause the observed depletion of nitrate. However,

while denitrification is a pH-sensitive process, other pH-sensitive

processes, including sulfate reduction and nitrification, can occur in

McCloud Lake sediments. Thus, low pH of the overlying water is not a^

priori evidence that denitrification could not occur. Although these

data suggest that denitrification may occur, identification of end

products (N2O or N2) would be needed to provide conclusive evidence.
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Table 5-7. McCloud Lake nitrogen budget.

no;, Nh!, Organic N,

Kg N/yr Kg N/yr Kg N/yr

Precipitation 26.7-63.6 5.9-12.4 6.0-18.1

Wet 10.4 5.2

Dry 16.3-53.2 0.7- 7.2

Aerosol 0.7- 6.4 0.7- 7.2

Gas 15.6-46.8

Seepage

In 0.5 0.4 ?

Out 1.1 1.2 ?

Storage 9.4 8.4 55.9 kg

-4.4 -13.8

T, yr 0.1- 0.3 0.7- 1.4 3.1- 9.3
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Figure 5-14. Nitrate in McCloud Lake sediment pore waters.
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It can be seen that organic N in McCloud Lake has a much longer

residence time (3.1-9.3 years) than the inorganic species. This

undoubtedly occurs because inorganic N is assimilated in the water

column, resulting in sustained high levels of organic N.

The significance of atmospheric nutrient loading in maintaining

productivity can be seen by comparing atmospheric inputs of N and P to

McCloud Lake to established nutrient loading criteria (Vol 1 enweider

1968, 1975; Shannon and Brezonik 1972). Current phosphorus loadings

to the lake are approximately one half or less of the loading that

would be required to sustain mesotrophic conditions (Table 5-8).

Nitrogen loadings, in contrast, are at or near the minimum mesotrophic

loading rates. These data support the contention, based on inorganic

N/P ratios, that lake productivity is phosphorus limited, and illus-

trate the significance of atmospheric nutrient deposition as a source

of nutrients to seepage lakes in this region. Although this study has

focused on the impact of acidification, atmospheric deposition is also

significant from a standpoint of eutrophication. Since McCloud Lake

receives enough nitrogen through atmospheric deposition to sustain

mesotrophic conditions, the addition of small amounts of phosphorus

would result in enhanced productivity. For example, according to the

Vol 1 enweider (1975) loading criterion, the addition of 0.2 mg P/m -yr

would result in mesotrophic conditions. For this 5 hectare lake, 0.2

mg P/m -yr corresponds to the addition of only 10 kg phosphorus, an

input that would occur with the additon of domestic waste from a mere

5 individuals assuming an input of 2 kg/capita-yr (Vol 1 enweider 1968).

While McCloud Lake is protected from residential development.
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Table 5-8. Atmospheric deposition of nitrogen and phosphorus relative

to loading criteria.

Minimum McCloud
mesotrophic atmospheric

Criterion Units loading input

Phosphorus

Vollenweider (1968) g/m^-yr 0.044 0.027

Shannon & Brezonik (1972) g/m^ -yr 0.022 0.010

Vollenweider (1975) g/m^-yr 0.10-0.11 0.027

Nitrogen

Vollenweider (1968) g/m^-yr 0.67 0.7-1.8

Shannon & Brezonik (1972) g/m^-yr 0.86 0.3-0.7
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extensive development is occurring on nearby lakes and can be expected

to cause enhanced productivity of these lakes. Thus, while atmospheric

deposition of acidic nitrogen species may be largely neutralized by

incorporation into organic matter, atmospheric nitrogen inputs may

contribute to enhanced algal productivity.

Concl usions

Although Grahn et al. (1974) and others have postulated that lake

acidification results in diminished nutrient regeneration, this study

and other recent studies indicate that the effect of acidification on

decomposition and nutrient regeneration may be minimal. Evidence to

support this conclusion include the following:

1) There is no demonstrated reduction in sediment oxygen utiliza-

tion with decreasing pH. There were no significant differences in

sediment respiration rates among the littoral mesocosms (pH 3.5-5).

Data compiled from other studies also fail to show a pH trend.

2) The water-only microcoms showed that oxygen uptake was higher

at pH 4.5 than at higher or lower pH levels when McCloud littoral

sediments were used as a seed, indicating that microorganisms in the

surficial sediments are adapted to the lake pH.

3) Nitrification, which is often assumed to cease below pH 5,

occurred in the littoral mesocosms and in the sediment-water micro-

cosms at a pH of 3.5, although rates appeared to be reduced below pH

4.5-5. Further study is needed to determine whether the process is

mediated by autotrophic nitrifiers living in the relatively neutral

sediments or whether the process is mediated by pH-tolerant

heterotrophs.
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4) Denitrification may also occur in McCloud Lake. Nitrate was

depleted in in situ littoral and profundal sediment pore waters.

Over 90% of the nitrate was removed from the eluates in the ground-

water seepage experiment, and nitrate levels decreased from peak

levels in the microcosm experiment.

5) Concentrations of inorganic and organic nitrogen and phos-

phorus species in McCloud Lake do not appear to have changed signifi-

cantly over the past 14 years, despite a decrease in pH of nearly 0.5

units.

The accumulation of NH^^"*" in the acidified littoral mesocosms and

in the acidified sediment-water microcosms suggests that some ammonium

regeneration occurs at pH levels down to 3.5. This accumulation in

the water column may result from decreased NH^"*" adsorption at low pH

(demonstrated in the sediment titration experiments) or because of

reduced assimilation or nitrification. The diurnal sediment flux

studies show that positive NH4"*" fluxes decreased with decreasing pH,

but is not clear whether this occurred because of decreased ammonifi-

cation at low pH or because of reduced assimilation by the benthic

macrophyte community.

Atmospheric inputs accounted for over 95 % of the total nitrogen

input to the lake. Inorganic nitrogen entering McCloud Lake was

rapidly immobilized. This is significant because it results in a net

consumption of protons in the lake, as discussed in Chapter 3. Atmos-

pheric inputs of nitrate, but not of total nitrogen, appear to have

increased somewhat during the past 14 years. Atmospheric nitrogen

inputs are currently sufficient to maintain mesotrophic conditions.



CHAPTER 6

CONCLUSIONS

Sediment Neutralization

Laboratory experiments conducted with sediment-water slurries

showed that sediments from softwater lakes can neutralize additions of

acidity. The acid neutralizing capacity of profunda! sediments is as

high as 20 meq/100 g in the pH range 4.5-5.5 and is correlated with

the organic content of the sediments. Cation exchange is the major

abiotic mechanism of H'*'-neutral i zation. Sulfate adsorption, protona-

tion of humic acids, and dissolution of aluminum minerals were

unimportant as neutralization mechanisms. Evidence of sulfate reduc-

tion was obtained in the seepage column experiments and from in situ

sediment pore water analyses in McCloud Lake, and this process is

probably an important H'^-consumi ng mechanism in McCloud Lake sedi-

ments.

McCloud Lake Mass Balance

McCloud Lake receives 90% of its water from precipitation; the

remaining 10% of the inflow is groundwater seepage. Nearly all of the

sulfate, nitrate, ammonium, sodium, chloride, and protons in McCloud

Lake enter via precipitation. An internal sink (sulfate reduction)

consumed 37-73% of the sulfate entering the lake. Approximately 90%

of the ammonium and nitrate entering the lake was consumed by internal

sinks. Biological assimilation is undoubtedly the most important sink

for inorganic nitrogen species. Additional losses of ammonium may

142
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occur by adsorption to sediment surfaces and additional losses of

nitrate may occur by denitrif icati on. Most (86-94%) of the protons

entering the lake were removed by internal sinks, primarily sulfate

reduction and assimilation or denitrification of nitrate.

Nitrogen Cycling and Decomposition

Although decompositon is believed to be retarded in acidic

lakes, there was no evidence for reduced sediment oxygen utilization

in the littoral mesocosms in the pH range 3.6 to 5. Data compiled

from other studies also fail to show a pH trend in sediment oxygen

utilization. Water-only microcosms showed that oxygen utilization was

highest at pH 4.5 when McCloud Lake sediment was used as a seed,

indicating that bacteria in the lake are well-adapted to acidic

conditions

.

Nitrification, which is often assumed to cease below pH 5,

occurred in the littoral mesocosms and in the sediment-water

microcosms at pH levels as lowas 3.5, although nitrification rates

were reduced below pH 4.5-5.0. Nitrification probably occurs in the

surficial sediments, where pH levels are higher than lake pH levels.

Denitrifi cation, which is al so bel ieved to be inhibited bel ow pH 5,

occurred in the seepage experiment and in the in situ sediments.

Concentrations of nutrient species do not appear to have changed

significantly during the past 14 years, although the lake pH has

decreased by 0.5 units. This observation is consistent with the

results of several whole-lake manipulation experiments and suggests

that nutrient levels in lakes may not decrease appreciably with

moderate acidification.
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APPENDIX: McCLOUD LAKE HYDROLOGIC AND CHEMICAL DATA

Table A-1. McCloud Lake water budget, September, 1981, to August,

1982.

Month Precipi- Evapo- Seepage Volume Change in Area Change in

tation^
10 ^ m"*

ration
10^ m-^ 10^ m3

3 3
10-^ m-^

volume
10-^ m-^

3 2
10-^ m^

area
^

10-^ m^

Sept., 1981 1.66 5.01 -2.89 126.01 -2.36 50.30 -0.35

Oct. 1.50 4.45 -3.05 123.50 -2.51 49.97 -0.33

Nov. 4.89 2.75 -1.42 123.21 -0.29 49.90 -0.07

Dec. 1.28 2.05 -2.14 120.50 -2.71 49.35 -0.55

Jan., 1982 9.24 2.85 -1.55 121.26 0.76 49.70 -0.35

Feb. 4.84 2.85 -0.94 121.26 0.00 49.35 -0.35

March 5.50 4.14 -1.31 117.45 -3.81 48.70 -0.65

April 9.94 5.06 2.12 127.75 10.30 51.23 2.53
May 7.90 6.34 2.31 130.44 2.69 50.97 -0.26

June 12.23 6.35 1.09 134.60 4.15 51.60 0.63

July 7.38 6.28 0.39 143.88 9.28 53.10 1.50

August 8.93 5.73 2.66 148.85 4.97 53.77 0.67
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Table A-2. Major ions in McCloud Lake, October, 1980, to August, 1982.

- All values in ueq/L -

Month^ Mg2+ Na^ S04^- CI

October, 1980 112 66 7.4 126 - 154
November 24.5 118 66 6.9 121 Ill 150
December 27.0 102 66 9.7 128 — 163
January, 1981 16.7 58 64 6.5 120 —

Febuary 78.5 79 66 5.4 114 —

March 27.8 47 65 5.6 116 133 —

Apri 1 30.9 48 62 6.4 126 138 —

May 30.8 64 62 9.0 138 152
June 28.2 36 66 8.5 136 137
July 29.3 197
August 27.5 167
September 30.4 64 63 6.4 189 184 167
October 35.2 52 66 6.8 199 231 170
November 38.1 58 63 5.7 179 198 185
December 39.6 50 69 6.5 229 214 189
January, 1982 43.8 48 69 5.2 188 206 174
Febuary 33.2 48 66 4.2 181 207 174
March 28.5 61 65 4.1 166 191 159
April 30.5 53 65 4.7 170 175 155
May 35.6 62 66 4.8 163 210 205
June 25.2 58 68 7.1 147 155 177
July 23.0 56 67 6.9 137 138 137
August 25.1 51 67 7.0 139 159 173

^Values represent means of all depths.
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Table A-3. Physical data and nutrients in McCloud Lake, October, 1980
to August, 1982.

Month^ Conduc-
ti vity,
uS/cm @

20 ° C

- nutrient data in mg/L -

Temp., TKN NH, NO3" Total Ortho-
phosphorus phosphorus

Oct., 1980 0.532 0.130 0.031 0.007 0.007
Nov. 52 17.1 0.144 0.021 0.107 0.007 0.006
Dec. 0.238 0.010 0.039 0.007 0.007
Jan.

,

1981 53 0.160 0.009 0.054 0.007
Feb. 18.0 0.183 0.053 0.068 0.009 0.003
March 56 21.8 0.502 0.030 0.010 0.007
April 25.1 0.386 0.016 0.043 0.018 0.005
May 69 27.1 0.480 0.099 0.039 0.007 0.005
June 30.2 0.351 0.067 0.037 0.007 0.002
July 0.326 0.040 0.009 0.004
August 0.489 0.137 0.044 0.010 0.003
Sept. 50 27.0 0.409 0.135 0.044 0.032 0.003
Oct. 24.0 0.278 0.119 0.055 0.011 0.003
Nov. 18.0 0.537 0.107 0.108 0.011 0.001
Dec. 44 15.0 0.442 0.063 0.118 0.005 0.001
Jan.

,

1982 47 17.0 0.461 0.020 0.145 0.007 0.001
Feb. 21.0 0.140 0.011 0.143 0.001 0.001
March 43 25.0 0.564 0.054 0.058 0.017 0.003
April 41 25.0 0.865 0.098 0.080 0.008 0.001
May 37 24.0 0.637 0.084 0.063 0.031 0.010
June 43 29.0 0.619 0.063 0.051 0.018 0.003
July 42 31.0 0.780 0.019 0.015 0,023 0.004
August 40 32.0 0.251 0.023 0.007 0.011 0.002

^Values represent means of all depths.
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Table A-4. Chemistry of McCloud Lake wet-only precipitation. May,
1981, to September, 1982.

All chemical data in ueq/L

Na"^ SO^^- ci
-Month Precip.H"^

0-i_

Ca2+ Mg 2+

cm/mo
May, '81 2.1 28.6 4.5 1.6 0.90
June 17.3 38.2 5.0 4.8 0.50
July 9.0 64.4 8.5 3.0 0.90
August 12.3 74.8 10.0 4.2 0.30
Sept. 3.3 32.4 14.2 4.9 0.70
Oct. 3.0 35.5 9.0 7.7 0.80
Nov. 9.8 23.4 2.5 3.6 0.40
Dec. 2.6 24.5 5.0 4.0 0.90
Jan., '82

: 18.6 22.4 3.5 2.1 1.40
Feb. 9.8 20.9 4.0 3.5 1.00
March 11.3 24.0 2.5 2.7 0.50
April 19.4 30.2 7.0 4.5 0.70
May 15.5 33.9 1.1 2.6 0.20
June 23.7 17.0 2.0 1.5 0.40
July 13.9 33.7 3.6 2.2 1.30
August 16.6 35.7 3.3 2.4 0.40
Sept. 27.6 44.0 5.6 2.6 0.70

4.6

15.7

15.1
11.2
5.3

31.9
15.7

13.1

12.7
23.1

12.7

10.0
7.0

5.2

10.9

7.9

9.2

23.7
32.5

79.4
63.8
61.2
43.3
25.8
28.3
24.0
20.0
26.7
43.6
24.8

15.6

28.5
28.1

35.5

7.5

18.9

20.1
13.5
6.3

36.7
17.5
14.9

15.5
29.6
15.5
11.0
6.5

4.5
11.0
8.5
9.9

NO3-

11.9
22.5

34.0
29.4
19.6

22.1
8.6
8.6
6.4

10.0
5.0
6.4
10.5
6.4
15.5

16.6

22.3

NH4^

13.3
16.0

27.7
13.6

18.1

7.1

4.3

6.4
5.0

5.7

4.3

10.7

2.8

2.4
4.9

0.9

5.6
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Table A-5. Chemical composition of in-seepage to McCloud Lake,

April, 1982, to September, 1982.

Month^ Ca2^ Mg2-^ Na+ 504^ - cr NO3- NH4"'

April, '82 0.40 94 47 32 23 31 38 8.7 1.3

May 1.66 72 47 23 11 25 31 2.5 6.4

June 0.71 123 67 43 18 41 39 3.2 1.8

July 1.30 48 34 19 22 18 26 4.6 4.2

August 0.88 93 54 53 27 52 57 2.1 2.9
Sept. 1.55 98 42 54 27 58 56 3.1 2.0

^ Values represent means for all seepage stations.
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Table A-6. Ambient air concentrations at McCloud Lake, August-
September, 1982.

- A]] v*^ 1 lip^ i nV u 1 U CO III uy/ III

Date SO/i^-

8/13 3.46 0 5f)9 n ??7 N/

A

N/A11/ n
8/15 1.27 0.154 0.186 N/A N/A11/ n
8/17 2.56 0.471 0.343 1 59
8/19 1.24 0.194 0.175 1 4? 7 4?
8/20 2.07 0.410 0.203 1.13 5.14
8/22 1.51 0.297 0.150 2.71 5.14
8/25 3.99 0.102 1.511 2.58 10.28
8/26 1.91 0.075 0.632 2.97 1.71
8/28 6.87 1.816 0.191 3.57 4.00
8/29 1.90 0.148 0.639 1.52 4.57
8/31 3.28 0.192 1.341 4.34 4.57
9/1 3.09 0.248 0.686 1.55 10.28
9/10 2.03 0.204 0.764 4.57 13.70
9/12 3.57 0.671 0.309 7.02 5.71
9/15 1.91 0.248 0.136 2.10 2.86
9/17 2.06 0.258 0.272 2.93 6.28
9/18 2.16 0.552 0.215 3.62 9.71
9/20 4.12 0.672 1.003 8.78 3.43
9/21 3.20 0.430 0.216 0.79 1.71
9/22 2.30 0.179 0.302 1.12 7.42
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