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ABSTRACT
Mineral equilibria were examined for the system Cd~Pb,Zn~Fe(II)~COB—
PO ~H 0 in the interstitial waters of the upper meter of Lake Erie sediments.

To clisely approximate anoxic sediment conditions, extrusion and squeezing
were performed under a nitrogen atmosphere shortly after';oring.'

Interstitial water concentratioﬁs of ferrous irom, zinc, cadmium, lead,
and carbonate alkalinity were about a factor of 3-5 greater in the near—shore
Ashtabula cores than in the central basin.

Pore waters were supersaturated with respect to vivianite (Fe (POA)
8H O) and siderite (FeCO ) which were generally im equilibrium with each
other. Cadmium, lead and zinc, however, were undersaturated with respect to
carbonate and phosphate minerals phases. Metal concentrations were generally
greatest in the 10 cm immediately below the sedimenﬁ-water interface. Calcu-
lations showed 90-98 percent of the lead, 20-60 percent of the zine, and 5
percent of the cadmium to be inbrganically complexed. Organic complexation
tied up additional metal and may account for the larger total dissolved metal
levels in the upper 10 cm of the sediment pore waters.

This report was submitted in fulfillment of Contract No. R-803704

by Case Western Reserve University, Cleveland, Ohio under the sponsorship of

the U.S. Envirommental Protection Agency. This report covers the period

Juné 15, 1976 to February 28, 1978, and was completed as of December, 1977.
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SECTION 1
INTRODUCTION

Zinc, cadmium, and lead can be toxic if their concentrations reach
sufficiently high levels in living plaﬁts and organisms. It is necessary to
understand their behavior and transport to determine the magnitude of their
threat to a specific enviromment. In order to understand chemical behavior,
concentrations and reactivities must be determined in the different physical
compar tments -- overlying waters, sediments, and intefstitial waters -—-
before exchange between the systems can be investigated. In this study, the
interstitial waters in Lake Erie sediments were investigated in an efforf to
identify post depositional mineral'equilibria. This work is preliminary to
further studies on the overlying waters and sediments and transport between
the compartments. '

Little work has been done on the interstitial water chemistry of zinc,
éadmium, and lead. A large body of data has accumulated.describing their
distribution in the sediment fraction (Wheeler and Duriming, 1976; Presley,
et al., 1972; Semkin and Kramer, 1976; Jenne, 1968) and the sﬁrface waters
(Chawla and Chau, 1969; Zirino and Healy, 1970; Riley and Tayleor, 1972;
Bachmann, 1963; Bradford, 1972; O'Connor and Renn, 1964;‘Hem; 1972) but these
studies were not able to elucidate their chemical behavior in the sediment~
interstitial water system. Several investigators have attempted to determine
the controlling mechanisms responsible for the distribution of zinc, cadmium
and lead by analyzing their concentrations in various aqueous and solid frac-
tions in one system (Walters et al., 1974; O'Connor and Renn, 1968; Bachmann,
1963; Cline and Upchurch, 1973; Jurinak and Thorne, 1974; Gardiner, 1974a;
Bardiner, 1974b). These studies have made headway towards understanding the
relative reactivities of the metals with organics and their adsorption on-
ferric hydroxides and clay mineral surfaces. Their methods could not iden—

tify individual mineral phases and could, therefore, only conclude that the



‘metals were complexed by other dissolved species or in equilibrium with an
unidentified mineral phase (Presley et al., 1972). Analysis of a metal in
the sediment fraction alone cannot be used to discern processes controlling
ité distribution. _ ;

. More recently, researchers have studied interstitial water chemistry
(Mﬁller, 1969; Brooks et al., 1968; Troup, 1974; Duchart et al., 1973) in the
hope of understanding the processes controlling the behavior of the metals
in the sediments. The interstitial water is the medium connecting the solid
phases in the sediments and the soluble species in the'overlying water through
which ions can diffuse. Because any change in metal behavior will alter the
chemical composition of the pore Watefs, it is a sensitive indicator of
chemical reactions and equilibria between solid phases and dissolved species
(Berner, 1971). Since the residence time of metals in the interstitial Watef
is -longer than that in the overlying water, metals in pore waters are more
apt to approach a state of equilibrium with solid phases in the sediments.
Consequently, the chemical composition of the interstitial waters can be used
to identify and study mineral-water equilibrium reactions in sediments. Once
these reactions are determined, then chemical mass transport can be studied.

A thermodynamic equilibria approach has been used successfully to study
the behavior of ferrous iron in pore waters (Troup, 1974; Bray, 1973; Nriagu,
1972; Emerson, 1976). Siderite (FeCO3), vivianite (Feé(POa)z'SHZO) and

mackinawite (Fe S) were found to be supersaturated in many interstitial

waters, and theiixpresence has been confirmed by x-ray diffraction studies.
This supports the conclusion that these minerals control the dissolved con-
centrations of ferrous iron, carbonate, and phosphate, and that thermodynamic
studies of the interstitial waters may be used tp predict the controlling
mineral equilibria. Lu and Chen (1977) examined the overlying seawater for
release of trace metals under oxydizing and reducing conditions, and conclu-
ded that trace metal sulfides, carbonates, and silicates are controlling
their behavior. '

Since zinc, cadmium and lead share some chemical properties with _
ferrous iron, the thermodynamic approach may be applicable to the study of
these other trace metals. These metals (like ferrous iron) are relatively

insoluble and might, therefore, also form metal carbonates or phosphates -



under the conditions found in anoxic sediments. Hence, the thermodynamic
approach that has been used in the study of ferrous iron was followed in this

study.



SECTION 2

CONCLUSIONS

The trace metals zinc, cadmium, lead and ferrous iron were studied in
the interstitial waters of Lake Erie, Total zinc concentrations ranged be-
tweeni6XlO_9_and 6X10-6M, lead between 10"9 and 1.3X10"7r

-9
10

magnitude greater than lead and cadmium. Inorganic complexation significantly

M, and cadmium between

and 1.3X10—7M.‘ Total zinc concentrations were generally two orders of

decreased the free metal concentrations. Inorganic zipc complexation varied
from 20 to 60 percent in the top 60 cm of sediment. Complexation increased
with alkalinity and especially pH, due to the formation of ZnOH+. Lead was
90 to 98 percent inorganically'complexed in the top 60 cm of sediment as

phou", Pb(0H) ,°, PbCO,°, and PBHCO *,

3 3
exists predominantly as the free cation at all depths in the cores studied

In contrast to zinc and lead, cadmium

and does not form hydroxides or soluble carbonate complexes at interstitial
pH's. » |

Interstitial water concentrations were substantially higher at the near—
shore Ashtabula dumping grounds than in the central basin. Ferrous iron was
about 4 times higher, trace metals were about 5 times higher, and the alka-
linity was about 2~3 times higher. The higher values probably reflect a
closer proximity to the source of these pollutants.

Solubility equilibria of zinc, cadmium, lead and ferrous iron carbonates
and phosphates in Lake Erie interstitial waters showed that zince, éadmium and
lead are undersaturated with respect to their metal carbonateé and phosphates.
Hydroxypyromorphite does not cbntrol phosphate or lead levels as suggested by
Nriagu (1974). Lake Erie pore waters are generally supersaturated with
respect to vivianité and siderite. These minerals also appear to be in
equilibrium with each other. The thermodynamic solubility equilibria can
successfully predict chemical controls for interstitial ferrous irom and

pdssibly zinc, if willemite 1s considered, but not for cadmium and lead. The



metal sulfides are also likely to be supersaturated, but the model could not
account for this since dissolved sulfide was below analytical detection.
Organic complexation may bind a significant portion of dissolved zinc,
leéd, cadmium and ferrous irdn in freshwater interstitial water. Zinc and
lead exhibit generally high surface concentrations whereas cadmium often did
not. Therefore, zinc and lead appeared to be organically complexed to a

greater extent than cadmium.



SECTION 3
' RECOMMENDATTIONS

The interstitial waters and'sediments of Lake Erie can provide valuable
information about the exchange of nutrients and metals across the sediment-
water interface and should cohtinue_to be investigated. Detailed studies of
the pore waters just beneath the sediment~water interface could provide an
estimate éf the flux of dissolved materials intobthe lake water.

Metal sulfides are an important grbup of minerals that have not been
included in this study. They are extremely insoluble, and if forming in
the lake sediment, provide the most efficient mechanism available for removal
of dissolved metals. The difficulty lies in an inability to a) predict their
presence and b) verify their presence in the sediments. Dissolved sulfide is .
below the detection limit of the sulfide electrode, so that the thermodynamic
catculations used in this study cannot be made., An alternate method, such as
the polarographic techhique described by Davison (1977) should be developed.
Verification of all predicted mineral phases is essential. SEM and EDAX
studies might provide the required proof.

Once all the mineral phases are verified and all the fluxes and their
directions are determined, then mathematical models may bé developed to
predict the effects of nutrient and metal loadings on the sediments. Even-
twally, this should be coupled to the biological and hydrodynamic models for
the whole lake. ‘



SECTION 4
FIELD METHODS

Study areas

Several factors led us to concentrate our efforts in this study in the
central basin of Lake Erie. Interstitial water chemistry is complex and is
easier to study if biological and physical processes can be segregated or
neglected. McCall and Fisher (personal communicétion) collected data in the
central basin suggesting that bioturbation may be a less important comtrol
than chemically—mediated molecular diffusion. During the 1975 sampling |
season, they estimated the oligechaete polulation Limnodrilqg spp. in Cleve-
land Harbor to range from 50,000/m2 in the fall to up to ZOO,OOO/m2 in the
spring, whereas the estimated population of oligochaetes in the central basin
was l0,000/mz and the individuals were smaller in size.  Physical miking
processes should be minimal in the central basin compared with the shallower
shoreline and western basin areas. Thus, chemical processes are more likely
to be dominant in the central basin than elsewhere. Also, this area goes
anogic annually_and therefore constitutes a good place for a follow-up study
of metal exchanges between pore and lake water. Figure 1 shows the locations
of the sampling stations ocdupied during this study and Table 1 gives the
sampling dates for each statiom. | o

In addition to the studies in the central and western basins of Lake
Erie, a temperal sﬁudy in the dredge disposal areas off Ashtabula was con-
ducted. Cores were obtained from the dump site prior to disposal and for
several months following the dumping. During the study cores were also ob~-
tained from two '‘control' stations. One of these was the disposal area the
previous year; the other was located outside the shipping channels, but in
the same area. These stations are hereafter referred to as the dump site,
0ld dump site, and control station, respectively. Some of the long-term

chemical effects of dredge disposal are examined.
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TABLE 1
SAMPLING DATES

Sampling Dates . Station Number

Cruise Name .
' T 620 42 43 45 46 47 47a 73 80 83 Op% D* (%

6/25~6/26/175 .
. X

GASP II X X X

8/12-8/15/75

GASP III

9/15-9/17/75
GASP IV

6/27-6/28/76
GASP X

9/28-10/1/76
GASP XI

4/1~4[277
ADS I

5/16~5/19/77
ADS TI

71177 .
CASP XX , ' X

9/2/77 . :
GASP XXI o - X

9/4/~9/5/77
ADS TIT X X X

*T is the western basin Tower Station
OD is the old dump site at Ashtabula
D is the present dump site at Ashtabula
C is the control station at Ashtabula



‘-Sampling Procedure

A core was collected in a plaétic core liner (cellulose-acetate-
butyrate, 7.3 cm 0.D., 7.0 cm I.D.) using a Benthos gravity corer with a
séring valve. It was then capped and held in a vertical position, measured
and described, and 125 milliliters (mls) of overlying water were siphoned
directly from above the sediment-water interface. The water sample was
capped and filtered. The remaining oﬁerlying water was then siphoned off.
To minimize oxygen contact with sediment, nitrogen was continuously blown
into the core liner during initial sampling. ‘A plastic bag was taped over
the end of the core liner to create a small glove bag. A rubber plunger
pushed the core up to a point where the first sample could be spooned into
a sgqueezer covered with a Nz—filled bag.

Once a level was reached where the sediment was cohesive enocugh to be
sampled horizontally, the core was moved into the laboratory.. The core
liner was inserted into a Nz—filled glove bag and samples were sliced off
as the core was pushed up by a rubber plunger. Ten samples were taken at
approximately five consecutive 2 cm intervals in the upper 10 cm, a 3.5 cm
layer at about 15 cm and 5-6 cm intervals at about 20, 30, 40 and 50 cm.
Samples were spooned into nylon squeezers which were covered and clamped into
a squeezing rack. A 50 psi (3.4 atm) pressure of Nz acting against a rubber
diaphragm ("Dental Dam") (Reeburgh, 1967) forced the interstitial water
through two circles of nylon mesh supports overlain by two 0.45 um Whatman
filters and one 0.22 ym Millipore filter (76 mm diameter). Since the sample
was not exposed to oxygen at any pbint, the interstitial water closely appro-—
ximated the natural system.

The interstitial water was apportioned for several analyses:

1. First 8 mls were collected in an electrdde cell to measure pH and

sulfide.

2. 3 mls of sample were drained into graduated test tubes containing
reagents for complexing Fe(II). These samples were later analyzed
spectrophotometrically for Fe(II) concentratioms. When the ship-
board spectrophotometer was not available, total irons were
determined.,

3. The rest was cdllected in acid-washed sample bottles to be appor-

10



tioned as below:

+4 - - '
4 0 NO2 .NOB and soluble

reactive phosphate by Ohio State personnel with a Technicon

a. 1 ml for onboard analyses of NH

autoanalyzer
b. 1ml for an alkalinity titration
c. 1 ml for a chlorinity titration
d.- The remainder was saved for onshore trace metal or major cation

analyses

11



SECTION 5
ANALYTTICAL METHODS

A brief description of the analytical methods used in this study is

given below. A more detailed discussion is given in Harris (1977).

Chlorinity
One ml of sample was pipetted into small vials and was titrated with

HgNO3 following the procedure described in Standard Methods (13th Edition)

- (STM). The pH of the samples was adjusted to 2.5 * 0.1 when the acidifier-
diphenylcarbazone indicator reagent was added. The end point was reached
when the solution turned from blue to purple, indicating the presence of

excess mercuric ions.

Alkalinity . ‘
The Standard Methods (13th Edition) (STM) procedure for total carbonate

alkalinity was adapted for titration with 1 ml of sample. The titration was
performed on a white stirring plate using a microburette filled with standard-
ized acid (0.02 N HCl) as titrant. At pH 4.7, the solution turned pinkish-
violet as the end point was reached. Buffers of pH 4.8 and 4.6 stood on
either side of the sample during the titration to facilitate detection of the

end point. All the samples taken on one day were analyzed that evening.

pH and Sulfide

Electrode measurements were made on the inferstitial water samples
under nitrogen atmosphere since (1) oxygen affects the sulfide concentrations
in the pore water and (2) equilibration of dissclved CO2 with CO2 in the
atmosphere affects the pH of the sample. Sample drained from a squeezer
directly into the electrode cell as the sample in the cell was stirred. A

Fisher miniature glass universal electrode, a calomel or silver/silver chlor-

12



ide double junction refereﬁce electrode and an Orion Ag+/AgS sulfide electrode
were used for these measurements. All sulfide values were found to be below

-7

the detection limit of the electrode (0 "M at pH 7) and are not recorded in

this report.

Major Catiouns

Since so little sample was collected, most of which was needed for
trace metal amalyses, only one set of samples from GASP II-Station 47 was
sacrificed for major cation analyses. This was done in order to estimate
ionic strength of the interstitial water with dépth in the core. It is
assumed that the concentrations of calcium, magnesium, sodium and potassium
do not vary significantly from station to station, since the major cation
éoﬁcentrations in the overlying water are fairly constant throughout the
central basin of Lake Erie (Weiler and Chawla, 1968).

Ca,2+ and Mg2+ concentrations were determined using atomic absorption on
undiluted samples with a.lanthanum oxide suppressant. Potassium concentrations
were determined by flame emission by direct insertion of the undiluted and
acidified sample since the original samples had K+ concentrations plotting
in the linear region of absorbance. Sodium concentrations were also deter—

mined by flame emission..

Nutrients _
| NH4+3 NOZ_—NOB“ and soluble reactive phosphate (SRP) concentrations
for the interstitial, overlying and surface waters were determined with a
Technicon Autoanalyzer II. A total of 1 ml of unacidified sample was used
for all the analyses. The analyses were run on board ship within six hours
of sample collectiom. v

The procedure for each determination was that described by the Pro-

cedures Manual — 1973, Center for Lake Erie Reserach, Ohio State University:

(1) Orthophosphate: formation of a phosphomolybdenum blue complex by
dilution of the sample with one reagent consisting of an acidified
~solution of ammonium molybdate containing ascorbic acid and a
small amount of antimony.

(2) Nitrate~Nitrite: reduction of nitrate to nitrite by a copper-

cadmium reductor column. The nitrite ion then reacts with sul-
fanilamide under acidic conditions to form a diazo compound. This

13



compound then couples with N-l-naphthylethylenediamine dichloride
to form a reddish purple azo dye.

(3)  Ammonia: determination by the Berthelot reaction whereby ammonium
salt and sodium phenoxide form a blue-colored compound. This is
followed by the addition of sodium hypochlorite and potassium sodi-
um tartrate and Na citrate to inhibit precipitation of Ca and Mg
hydroxides. _ :

Fe(1T) |
Fe(II) concentrations were determined spectrophotometrically using 1,
10-o-phenanthroline as the colorimetric complexing reagent, as described by -
Sandell (1959). 1In the glove box under a nitrogen atmosphere, 3 mls of sam-
ple diained into graduated test tubes containing phenanthroline reagent ‘
buffered at pH 3.6 (Troup, 1974). Once complexed ﬁith the reagent, the
Fe(II) complex is stable with respect to oxygen and can be removed from the

glove box for omboard colorimetric analysis.

Trace Metals

Zinc, cadmium, and lead were analyzed in fhis study by differential
pulse anodic stripping volammetry (DPSAV) (Matson, 1969; Sinko and Dolezal,
1970; Chou and Chan, 1974) since this analytical method facilitated measure-
ments in the ppb range, the range of concentrations of trace metals in the
interstitial water. Also DPASV distinguishes between complexed and total
metal concentrations in contrast to flameless atomic absorption which analy~
zes total metal content only. It analyzes only free metal—and-metal hydroxy
complexes, but, by destroying all complexes and reanalyzing the solution for
total metal concentrations, the concentrations of metal complexed in the
original system would be the difference between the total metal and the free
metal-metal hydroxy complexes (Ernst et.al., 1975; Zirino and Healy, 1972).
Other advantages of DPASV are its extreme sensitivity, lack of interferences
and capability of analyzing four metals with one scan énd sample preparation.
Three metals, Zn, Cd and Pb were determined; and for samples with 10W Fe(I1),
copper could also be analyzed in the same scan.

Anodic stripping voltammetry is a polarographic technique in which
metals are reduced for a timed period onto a hanging mercury drop electrode
at a pectential more negative than that needed to reduce any of the elements

to be analyzed. A voltage incrementing in a positive direction is then

14



~applied through the solution which causes the metals to be stripped, i.e.,
oxidized, at their characteristic potential; the resulting current conducted
is proportional to the metal concentration in the solution. A sample scan is
sﬁown in.Figure 2. The details of the analytical procedures developed in this
study for the use of DPASV to determine concentrations of Zn, Cd, Pb and Cu

in interstitial waters are given in Appendix A.

15
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SECTION 6

RESULTS

Prior to any temporal or areal interpretation of interstitial water
data, it is necessary to evaluate the spatial variations in concentrations
of the iInterstitial waters. Spatial variations define the limits which may
be placed upon the instantaneous concentrationsvof the chemical species as a
function of location. Temporal variations interpreted within the framework
of the spatial limits may be used to assess. the long-term effects of tempera-
ture and sediment deposition rates, and enable the more accurate calculation
of chemical fluxes. Therefore, several cores were obtained at one station to
evaluate the spatial variability; from the same stations at several differen
times to evaluate the temporal variability; and from several stations in the
western and central basins and from the Ashtabula dump site to-evaluate the

areal variability.

Spatial Study

There are two fundamental sampling patterns which may be used to obtain
cores for a spatial study. The first is to obtain cores from precisely
marked grid points on the bottom. The second is to collect multiple cores at
random while anchored at the station. The latter possibility was chgsen
because of its similarity to our procedure of finding the station, anchoring,
.and then collecting a core. One difficulty with this or any other spatial
study is the problem of obtaining a sufficient number of cores to generate
statistically significant results. Due to time and personnel limitations
only three cores were processed, and only the top three or four sections of
each were analyzed. The study was conducted at station 20 on September 29,
1976. The data from the Spatial study are given in Appendix B, along with
the rest of the interstitial water data collected during this study. Figures

v 3, 4, and 5 graphically display the chlorinity and pH data; the iron, phos-
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phate, and cafbonate alkalinity data; and the zinc, cadmium, and lead data
from the spatial study, respectively. The results indicate that the general
profile shapes, i.e., the relative increases and decreases with depth are the
same from all'the cores, but that there are significant quantitative varia-
tions between cores for some parameters. The variations range from about 15%
for carbonate alkalinity to a factor of 4 or more for the toxic metals. This
large spatial variability is not uncommon. Matisoff et.al. (1975) report
similar results for the estuarine sediments of Chesapeake Bay. They found a
1% wvariation among five cores for chloride (a chemically and biologically con-
servative element); a 10~15% wvariation for the nutrients; and a variation of
10%Z-10X for iron and manganese.

| The large spatial variability places severe limitations on the inter-
pretation of temporal and areal data. Therefore, each core will be studied
as a separate entity where it is assumed that the interstitial water concen-

trations are controlled by local mineral equilibria.

Descriptive Chemistry of Interstitial Waters

Even with the large spatial variability in the pore water profiles, a
number of general features emerge for each chemical parameter investigated.
This section deals with the qualitative shapes of the profiles and several

hypotheses are suggested as possible controls.

Chloride

A typical chloride profile from the central basin is given in Figure 6.
InterStitial chloride concentrations ranged from OalQOQ»pgwatfl, With several
exceptions, the chloride concentrations were more orx less uniform or de=
creased slightly with depth. Chloride concentrations in the central basin of
Lake Erie waters average about 600 pg-at/1.

The irregular trend with depth in the interstitial water may reflect
changes in the concentration level of chloride in the overlying water at the
time of deposition and changes due to subsequent diffusion. A decrease in
depth results from an increase in chloride in the overlying water over time,
as seen for Lake Ontario (Lerman and Weiler, 1970). Therefore, incongistent
behavior of the chloride may be the result of an anthropogenic influence such

as road salt runoff or industrial discharge at the time of deposition. The
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vertical transport of dissolved salt from the salt deposits underlying Lake
Erie is a possible mechanism for the observed increase in depth in the several
abgrrant cores. This may be an important process of chemical mass transfer

ffom the sediments to the overlying water.

‘Carbonate Alkalinity

| The production of bicarbonate ion by intense bacterial respiration re-
sults in a significant increase in the alkalinity with depth in the sediments.
This can be seen in the typical alkalinity profile in Figure 6. The total
carbonate alkalinity values ranged from a minimum of about 1 meq/l at the
sediment-~water interface to a maximum of about 9 meq/l at 40 cm with the
most rapid increase in the top 10 cm. Some samples taken in August and Sep-
tember showed an alkalinity peak in the upper 5 cm. This peak was seen
mainly in the August samples and was probably indicative of more intense
organic biodegradation at this level than either above or below. In an anoxic
environment, bicarbonate ions are produced by both sulfate~reducing bacteria
metabolizing organic matter and glycolysis of organic sulfur compounds. These
reactions generate acid which can dissolve additional calcite and dolomite,
further increasing the alkalinity, and may explain why calcium increased with
depth in the interstitial water. Weiler (1973) determined that a ratio of 5
or 10 molecules of bicarbonate aré formed per molecule of sulfate reduced but
. Presley and Kaplan (1968) calculated a 3:1 ratio. Weiler attributes the
larger proportion of bicarbonate in Lake Ontario‘sediments to a fermentation

process in which both bicarbonate and methane are produced.

pH and Sulfide

pH of the interstitial water, described in Figure 7, typically increased
from as low as pH 6.9 at 0 to 2 cm to as high as 8.0 at about 50 cm. .Below
, the'sediment—water interface, increasing sulfide concentrations coincide
with increasing pH, which suggest control of the pH by bicarbonate production
as a result of sulfate reduction and organic decomposition and calcium car-
bonate dissolution. The following reactions describe this behavior.

2CH20 __8245 = gECO3— + HS% + H+ (Presley and Kaplan, 1968)

CaCO3 +H = Ca + HCO3

23



Figure 7. Typical pH profile from the central basin. The data
are from Station 83 on 2 September, 1977.

24



If sulfur is conserved, sulfide must be‘produced as sulfate decreases.
But sulfide concentrations in Lake Erie were below the detection limit of the
sqlfide electrode (total sulfur = 10-6M). This is unexpected and could indi-
cate (1) low total sulfur, (2) redox state of the sulfur system above the
sulfide~sulfate boundary, or (3) metalvsulfide interaction. The surface
waters in Lake Erie average about 25.7 ppm SO (Weiler, 1973) which is com~
parable to four stations sampled on Lake Ontarlo (Weiler and Chawla, 1969).
At these stations, the interstitial waters were analyzed for sulfate and
were found to range from 15.3 ppm or lower at the oxic sediment-water inter—
face to 2.1 ppm at 25 to 30 cm of core depth. This indicates that there is
reduction of sulfate to sulfide and that the levels of sulfide should be high
enough for detection by the sulfide electrode. Thus, the sulfide must be

precipitating as very insoluble metal sulfides.

Nitrate, Nitrite, and Ammonia

The interrelationships of nitrogen species in the interstitial water are
- complex because of several simultaneously occurring processes. Ammonium is an
end-product of bacterial organic decomposition and often has a maximum concen—
tration in the upper 10 cm of sediment,vwhere bacterial degradation is most
intense. Consequently, ammonia is the source of nitrogen for nitrification
which occurs at the anoxic-oxic boundary (Wetzel, 1975). Chen et.al.. (1972)
found that denitrification in sediments is rapid. They found that within two-

hours, up to 90 percent of added NO

"-N had been reduced, predominantly to
15

3
N2 when 15NO " was used as a tracer. Keeney (1971) observed that in sedi-

ments, 37_perc2nt of 2'mg/l NO3—-N was incorporated into bécterial organic
matter and the remainder was denitrified.

» Because nitrification occurs only under aerobic conditions, it is most
intense at the sediment-water interface. The overall react;on is

NH," 420, = NO;T + H,0 + 26 (Wetzel, 1975).

A Project Hypo survey indicated that maximum populations of nitrifying
bacteria in Lake Erie occur at the sediment-water interface (Burns and Ross,
1972). According to Quastel (1954), nitrification in the upper sediments is
controlled by the adsorption and concentration of nitrifying bacteria and

ammonium ions onto clay particles; it is, therefore, more intense in sediments

than in the overlying water.
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o T NOg
higher in June than in August and September (see Appendix IT). Generally,

The NO " concentrations in the interstitial water were much
levels in June ranged between 0.5 and 5 ppm. Levels in the overlying water
were low in June and probably indicate rapid biological uptake. August and
September interstitial NOéﬁ ™~ NOSH concentrations were comparatively lower
than those in June but were still higher than the overlying water concentran~
tions. The interstitial water nitrate decrease and the increase in the over=
lying water in late summer may indicate that nitrates were reduced in the

+
4

the sediments and undergoing nitrification. Figure 8 gives typical 1\103“:-7.1?0.2?1

sediments by increased bacterial activity and that NH was diffusing out of

and NH4+ profiles.

Soluble Reactive Phosphate

Lake Erie pore waters exhibited higher concentrations of soluble reac~—
tive phosphate (SRP) than the overlying lake waters. A maximum of 3 x 1054M
SRP was found at statioms 47, 42 and 20 in June. A typical phosphate profile
is given in Figure 9. The profiles show higher SRP's at greater depths in
the sediment than at the sediment-water interface. This may he due to the
adsorption of phosphate on ferric oxyhydroxides in the oxygenated microzone,
whereas in the low Eh region, SRP is mobilized due to its release from decom=—
posing organic matter and reduced ferric oxide.

The cores usually exhibited lower SRP concentrations>during August and
September, ranging between 0 and 50 x 10;6M SRP. The concentration range
was narrower and more constant with depth. Possible explanations of the
lowered concentrations include diffusion into the overlying water, increased
phosphate in an organic fraction, or some authigenic reaction.iegulating the
phosphate level.

Diffusion is inhibited under aerobic conditions, but under anaerdbig
conditions phosphate can move up 10 cm to the overlying water (Hynes and
Greib, 1970) in 2 to 3 months time. According to Pomeroy et.al. (1965),
transport of SRP is diffusion controlled with less than 5 percent of the
movement due to microbial activity. Under reducing conditions when the ferric
hydroxide boundary is thin, diffusion may explain the observed decrease in
SRP concentrations in late summer. Diffusion out of the sediments may be

further enhanced by formation of the neutral species, FeHPQ4Q, which should
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not adsorb té charged surfaces (Williams and Mayer, 1972) and may, therefore,
diffuse through the oxidizéd microzone. Phosphate release can double if
sediments are agitated by turbulence (Zicker et.al., 1965).

| Diffusion over a two month period cannot explain completely the change
in concentraticns at all depths. A change in phosphate speciation may explain
. the decreased SRP levels in August and September. Christman (1966) claims
that 70—80 percent of the phosphate is in a soluble organic phaée in late
summer which would account for the low orthophosphate levels observed in this
study. Authigenesis provides an alternate explanation of the low SRP levels.
If a solution—mineral equilibrium regulates the concentration of phosphate
and a metal ion in the dinterstitial water, an increase in the concentration
of one species should result in a decrease in the other. Both covariance and
inverse variatiation between phosphate and Fe(II) were observed. This sug-
gests that an iron phosphate is precipitating and that a common source for the
dissolved species exists. Most likely, the common source is ferric oxyhydrox—.

ide which undergoes reduction upon burial.

Ferrous Iron

The ferrous iron concentrations in the interstitial waters in the cen-
tral basin ranged from 1.0 x 1O~5M to a 3.6 x lOﬁhM. These values were higher
than those reported by Kemp (1969), possibly due to extrusion. under nitrogen
atmosphere in this study. Ferrous iron concentrations in the pore waters
varied from station to station. Tnterstitial Fe(II) concentrations were high
at station 73 and were generally low at station 46. The highest values found
were from the Ashtabula cores, where values consistently exceeded 1 x 10’3M,

A typical ferrous iron profile is given in Figure 9. -

Ferrous iron concentrations were generally high immediétely below the
oxidized microzone. When the microzone was thick, i.e., before stratifica—
tion or after f£all overturn, the ferrous iron concentration was low at the
sediment-water interface. As ferrous iron diffuses in the oxygenated
sediment—-water interface, it is oxidized to ferric iron, and 1little if any
reaches the overlying water. When the microzone is thin, diffusion to the
overlying water may occur through the ferric hydroxide floc because of turbu-
lence and/or complexation and consequent stabilization of ferrous iron. Low

surface Fe(II) concentrations suggest that diffusion was not significant.
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Zinc
In the pore waters, the zinc concentrations ranged from 6 x 10_9M to

6 x 10’6M. A typical zinc profile is given in Figure 10. Comcentration
maxima are usually found juét beneath or at the sediment-water interface and
several centimeters below this in the upper 10 cm. Below 10 cm the profiles
are generally uniform.‘ The upper concentration maxima probably is the result
of a release of zinc from its source upon burial. The lower concentration
maximum might be the result of a secondary source or be caused by an equili-
brium with a metal phase.

<+ The actual values were not consistent, especially in the.upper 10 cm.
Chemical controls may be important but biological (bacterial) controls, bio-
turbation and adsorption-desorption in response to metal concentrations on

the sediment may also be significant.

Cadmium
The cadmium concentrations were lower than either lead or zinc and var-

9

ied to a lesser extent over the depth studies, ranging from 1077 to 1.3 x

10_7M. A typical cadmium profile is given in Figure 10. In general, the
cadmium profile shapes were the same as those for zinc: concentration maxima
just beneath the sediment-water interface and in the upper 10 cm. Many times,
however, the secondary maximum was not apparent. The similarity with zinc din
the shapes of the profiles suggests common sources and controls of the dis-
solved métals. '

Tt is important to remember that the observed concentrations are aver-—
ages over a certain depth. This is particularly important when considering
the upper few cm where the concentration gradients are great. A high surface
concentration may be indicative of a small oxidized microzone layer with a low

metal concentration overlying a reduced zone with a very high metal concen-

tration such that the top layer shows an intermediate concentration.

Lead

In the pore waters, the lead concentrations ranged Ffrom 10F9 to 1.3 x
10—7M. These values were almost two orders of magnitﬁde.less than the zinc
concentrations and on the same order as the cadmium. Generally, the highest»

concentrations occurred in the upper 10 cm of the cores and . decreased with

30



*[16T ‘adqueidas g

U0 ¢g UOTIBIS WOII DIT BIEP BYJ

2yl woxy soyrjyoad peal pue ‘wuntuped ‘outrz TeoTdLl

*urseq TEIIUDD

uz

q
0¢

= s R R

"0T 2an8Tg

T vieda caor naneuns

LR R

B v ainiuieiin ool R

Ed

‘C?...--v«i_f

@ = T

UZW,.0I-qd ‘PO Ng_Ol

-0G

\, n&f«g%\\uo
R 0%

-0¢

=

o

{ogr
Mg.mvmm.Au

—]
I
P
=3

31



depth, with the profile shapes similar to those of zinc and cadmium. The lead
profiles also show more scatter in the data than zinc or cadmium and indicate
that our sources of lead contamination have not been eradicated. Nevertheless,
tﬁe data do suggest many similar controls between zinc, cadmium and lead. A
typical profile is given with zinc and cadmium in Figure 10.

: The remarkable uniformity in the zinc, cadmium and lead profiles below
10 cm suggests some controlling process for all three metals at depth in the
. sediment. The exact nature of this control is the subject of later sectilons

of this report.
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SECTION 7
ASHTABULA STUDY

In August, 1975 and May, 1976 the Army Cerpé of Engineers dredged Ash-
tabula Harbor énd disposed of the sediment in open water a few miles out dinto
the lake (old dumpsite). In April, 1977, the harbor was again dredged and
the material dumped in a second open water disposal area (new dumpsite). This
study investigated the old and new dumpsites and a control site prior to the
April, 1977 disposal and for several months following the dredging operatiomns.
1t was hoped that the new dredge spoil would be an easily identifiable blan-
ket of material in terms of its physical and chemical characteristics. Some
long~term effects of the dredged material on chemical fluxing could then be
evaluated. Station locations are shown in Fig. 11; sampling dates are given
in Table 1; and the data from all thirteen cores in Appendix B. The control
site showed no visual evidence of dredged material.

Tﬁere are a number of comparisons between the Ashtabula cores and the
central basin cores that are useful. The dissolved trace metal concentrations
are about 5 times‘higher near Ashtabula than in the central basin. The Ash-
tabula cores also display more noise and greater concentration gradients.

The concentration of ferrous iron reaches values typically on the order of
400um near Ashtabula, 2 to 4 times higher than those found in the central
basin. Thebconcentration maximum in ferrous iron occurs in the top 10-20 cm
in Ashtabula cores, but in the top 5~10 em in the central basin cores. This
may be the result of real differences in the dissolution kineties of ferric
"~ oxyhydroxides and the sedimentation rate at the two areas. Like the metals,
the alkalinity is also higher in the Ashtabula cores (about 2-3 times) al-
though the pH's tend to be lower. The higher metal and nutrient concentra~
tions at Ashtabula reflect a closer proximity to the source of these pollu-
tants. |

The disposal of the dredged material at the new dump site produced

some changes in the pore water chemistry, although not as great as one might
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Figure 11. Coring locations at the Ashtabula dump site.
The open water disposal areas off Ashtabula
harbor are delineated as 01d Dump (August, 1975)
and Dump (April, 1977).
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first suspect. The zinc, cadmium, and lead profiles from before and after the
‘dumping do not reflect the dumping event. In addition, the post dumping pro-—
files from the dump site and the control site are remarkably similar, which
iﬁplies no evidence for the dumped material. The iron profiles, however, are
different after disposal. Fig. 12 shows the April and May iron profiles at
the dump site. The concentration maximum is displaced 5-10 cm aeeper in the
core in the May profile. The concentration gradient at the sediment-water
interface is therefore less. This suggests that 5-10 cm of sediment were
deposited as a result of the disposal operation. TFurther evidence is present
in the carbonate alkalinity profiles. Fig. 13 shows the April and May pro-
fileé at the dump site. The concentration maxima are displaced at least

five centimeters deeper, values are lower, and the concentration gradient is
less in the May core. Actually, the same can be said for the control station,
but the September core from the dump site locks like the May core, whilé the
September core from the control site looks like the April ccre. The evidence
for this identification of 5-10 cm of dredged material is admittedly weak.
The rapid response of the pore waters to changing physical and chemical con-
ditions and the large spatial wvariation in thebpore waters makes such an
identification difficult. An analysis of the sediment soclids for trace
metals or some exotic organics might prove to be a more useful indicator of
the dredge spoil. ‘ ’

The higher values of the nutrients and metals in the Ashtabula pore

' water are probably the result of being closer to the spurces of these
materials. It is possible that a decrease in the concentration could be

observed in cores taken along a transect fron inshore to offshore.
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SECTION 8
THERMODYNAMIC MODEL

Calculation of Actdivities

The ionic strength, activity coefficients and activities of ferrous
iron, zinec, cadmium and lead were calculated as part of a computer program
to determine the speciation of the metals and the ion activity products of
the metal carbonates and phosphates. ionic strength (I) is defined as
I= 1/22cizi2 where c; is an analytical concentration and zy is the charge

. . . . \ 2+
of a species. In this study the concentrations of the major ions, Na+, Ca  ,

K+, Mg2+, 8042‘, cL, HCOS~, Mn2+,and Fe2+ were used to calculate ionic
strength. For this calculation the total bicarbonate concentration was taken
to equal the carbonate alkalinity; for pH's less than 7.8 and ionic strengths
less than 0.5, the error introduced is less than 5 percent (Troup, 1974).

+ L2+

) . . . + + .
Concentrations of the major cations, XK', Na', €Ca” , and Mg2 » WE€re determined

for one sample, GASP II-47, and were used in the calculation of ionic strength
for all the samples. Major cations and anions exhibit fairly consistent
trends with depth in Lake Erie interstitial waters (Weiler, 1973); therefore,
generalization of their concentrations to all cores for purposes of the ionic
strength calculation was justified. The measured value for the major cations
at GASP II-47 are listed in Table 2. Alongside, in parentheses, are the
values used in the calculation of ionic strength. These latter values ipnclude
changes in the analytical values, based on trends observed in Lake Ontario
(Weiler, 1973). Also, based on Weiler's analyses of Lake Ontario inter—
stitial water, concentrations for manganese and sulfate, other significant
contributors toc the ionic strength, are listed in Table.
Activity coefficients were then calculated from the extended Debye=-

Hickel equation and were used in a coﬁputer program to correct trace metal,

ferrous iron, bicarbonate and phosphate concentrations for dissolved spe-

ciation at varying ionic strengths and pH's. The form used in this study is
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Depth
cm
0-2.6
2.6-5.6
5.6-6.7
6.7-8.5
8.5~9.9
14.6~
17.7
21.5-25
41.5~
44,7

44.7-50

50-538

Table 2.

TABLE 2
VALUES USED IN THE CALCULATION OF IONIC STRENGTH

Ca Mg Na . K Mn 80,
1190 334 520 93 nd nd
(1190) (400) (520) (93) (58.2) (146)
1210 362 488 89 nd nd
(1200) (400) (499) (89) (58.2) (146)
1200 455 478 83 nd nd
(1210) (400) (478) (83) (58.2) (72.9)
1220 380 - 389 79 nd nd
(1220) (400) (400) (79) (58.2) (72.9)
nd - nd _ nd‘ nd nd " nd
(1245) (400) (435) (78) (58.2) (72.9)
1270 461 478 77 nd nd
(1270) (400) (479) 77) (89.2) (20)
1200 383 488 nd . nd nd
(1300) (400) (479) an 1(102) © (20)
1400 545 484 78 nd - nd
(1400) (525) 479) "N (102) (20)
1480 526 446 64 nd - nd
(1480) (525) (479) (64) (102) 2Q)
1340 348 498 79 ad nd

(1480) - (525) (479) (64) (102) (20)

All concentrations in units of um/L. Measured values at GASP II-47
are listed (not in parentheses). Values in parentheses are those
used in ‘the calculation of ionic strength, and are based on the
measured values of Weiler's (1973) Lake Qntario data. Other para-
meters used in the calculation of ionic strength include carbonate
alkalinity, chloride, irom, SPR, nitrite, and ammonium. Values

for these species were measured for each sample. )
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log v, = :ééfifi'

1 + aBYI

wherey&_is the ion activity coefficient; z, the charge of the ion; T, the
ionic strength; a, the effective diameter of the hydrated ion (Keilland, 1937)
and A and B are constants for a given éolvent at a specified temperature and
pressure.. In this study,'all calculations were made assuming a temperature
of 25°C and ome atmosphere total pressure; therefore, the constants A and B
were equal to 0.33 x 108 and 0.5 respectively.

Although organic sequestering could tie up a significant amount of
trace metgls in the interstitial water (Gardner, 1974; Hodgson et al., 1966),
only inorganic species were considered (for reasons discussed in the analyti-
cal section). 8pecies considered in the calculation of the free ion activi-
ties are listed in Table 3 with their respective asscciation constants.

The activity of a free ion is caleculated by manipulation of a mass
balance equation. An example is the determination of free bicarbonate concen-
tration. The total bicarbonate concentration is given by mass balance equa-
tion (2),

. + -+ o
H003 free 3 + 1~1ch:03 + NaHCO3 (2)

The total bicarbonate concentration can be closely approximated by the car-

total HCO, = + CaHCO

“bonate alkalinity, which is defined by equation (3),
+

Carbonate alkalinity = HCO3— + 2CO3= -0OH - H (Stumm and Morgan,
1970) (3
because the last three terms are at least four orders of magnitude less than
the bicarbonate concentration at typical interstitial water pH's.
Equations (4), (5) and 66) are the mass action equilibria for the iomn

pairs in the bicarbonate mass balance.

8canco.t Ycanco, (Canco,h
Ka = a 3a . Y Y3 | ) )
2+ 2uco 24 - 2+ -
Ca 3 Ca HCO3 (Ca )(HCO3 )free
_ Zmgrco,t Mguco.,t (MgHco, )
% 7 - a—"’ - = i 3 (5)
24 - Y gy 2+ -
Mg~  HCO, = Mg Hcos" (Mg™") (HCO, Vo o
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Species

PhoHT

0
PbCO3

TABLE 3 .

SOLUBLE SPECIES WITH THEIR RESPECTIVE ASSOCIATION CONSTANTS
INCLUDED IN THE CALCULATION OF FREE METAL ION ACTIVITIES

ppuCco. T

3

Pb(OH)2

Pbso,©

4

CdOoH

(o}

ca(on)2°

znuco,*

3

0
ZnCO3

ZnHPO,°

4

Zn804°

ZnoH"

FeHPO,°

4
FeHzPO
+
FeOH
FeSQ 9

4

CaHCOB+

+
4

MgHC03+
NaHC03+

—

HCO3

CO3

H3PO4

szoéj
HPO,

CaH2P04

(o]

+

Log of the

Association Constant

7.00
6.40
2.9
10.88
2.7
5.0
10.6
2.1
5.3
3.3
2.3
5.04
3.6
2.7
6.1
2.3
1.26
- 1.07
-0.25
6.35
10.3
2.2
7.2
12.3
2.74
1.41
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8canco, T YNanco, © (Narco,.°)
K = 3 .3 3 (6)
a a _a - Y LY _ + _
Na HC03 Na HCO3 (Na 2(HC03 )free

An activity coefficient of one for uncharged species and, as in Garrels and
Thompson's seawater model (1962), an activity coefficient for 1:1 single
charged species equal to that of the bicarbonate ion were assumed. The mass

action equations (4) through (6) were then substituted into equation 2)...

The equation was rearranged and solved for HCO according to equation

3 free
(7). carbonate alkalinity

.HCOB free

= 2+ 2+ (Na ) . -
(Ca”™’) + X (Mg™ ) + KcyNa+ YHCO3 (7)

.1+KaYCaZ+ byMg2+

Hence, the free bicarbonate concentration was calculated from the carbonate
alkalinity, the stability constants of the ion @airs, and the concentrations
of the contributing cations and their estimated activity coefficients.

The ferrous iron and phosphate concentrations were determined from the
total analytical concentrations by solving mass balance equations (8) and (9)
simultaneously, since . soluble FeHP04O and FeHzP04+ complex a considerable
proportion of the total ferrous and phosphate"ians.

_ . o] + + o ‘
Fe(II) total = Fe(II)free + Fehyo4 + FeH2P04 + FeOH + Fesoz-, - (8)

2~ _ 2- - 0 + o +
4 total HPO4 free + H2P04 + CaHPO4 + CaH2P04 + FeHPO4 + FeHzPO4

€))

HPO

In a mammer similar to that used for calculating free bicarbonate concentra-

. 2_1
tions, tge Fe(Il) i,y and HPO, ™ 1 otal

for HPO4 and Fe(II)free.concentratlons.

equations were manipulated and solved

Next, the free zinc, lead and cadmium concentrations were calculated
from the total analytical concentrations by solution of mass balance equa-
tions (10), (11) and (12) in the same manner as the free bicarbonate values.
This approach was used by Elder (1975) and Zirino and Yamamoto (1972) for
trace ﬁetals. The concentrations of free bicarbonate and phosphate used in

equations (10), (11) and (12) were obtained from equations (7) and (9).

2 + o o +
= Zn"" . *+ ZnOH' + ZnHPO,® + ZnC0,° + ZnHCO, (10)

_ 2+ + o
cd = Cd' free F CAOH™ + Cd(OH)2 (11

total

zntotal
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pp2t + PboHT + PbCO,° + PHHCO

o + o
total free 3 + Pb(0H), (12)

Pb 3

Calculation of -Ton Activity Products

The precipitation of a mineral phase from a supersaturated solution is
"a_function of (1) reaction kinetics of the precipitation and (2) free energy
drive of Ehe reaction. Little is known about the kinetics of precipitation
of the trace metal precipitates under consideration and they wili not be
considered. The free energy drive of heterogeneous reactions involving
ferrous iron, zinc, cadmium and lead is discussed to determine the saturation
state of any solution with respect to a mineral phase. The minerals consider-
ed in this study and their respective solubility products are listed in Table .
4, The method of calculating the saturation state follows that used by
Troup {(1974).
» Consider the reaction

zn (V) oy = nZn2+(aq) + my2n/m (a) , | 13
The free energy change for this reaction is

) : 240, 2n/m-.m
BCgoncrion = A6° + 2.3RT log (a, “H7(a,™HT (14)

assuming a value of unity for the activity of the pure solid phase.

The standard free energy change, AGO, is related to the solubility'pro~
duct according to equation (15).

AG° = -2.3 RT log Koo (15)
The product of the activities, the ion activity product (IAP) is given by

IAP =,(azn2+)n (aYZn/mf)m ' (16)

Substitution of (15) and (16) into egquation (14) yields equation (17).

AG = 2.3 RT log IAP/Ksp ' (a7
When IAP is greater than the Ksp’ AG is positive, which favors the precipita—
tion reaction. If IAP is less than the Ksp’ AG is negative which favors the
dissolution reaction, since, in this case, the solution is undersaturated
with respect to the solid. When IAP equals the Ksp’ AG is 0 and the solution
is in equilibrium with the solid phase.

Since minerals contain different ratios of metal to anion, the satura-
tion states must be corrected to free energy changes per gram—atom of metal

before the log saturations of different solids can be compared directly. The
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TABLE 4

SOLUBILITY EQUILIBRIA OF Fe(II), Zn, Cd, AND Pb MINERALS USED IN THE
CALCULATION OF THEIR SATURATION STATE IN INTERSTITIAL WATER

3

. g 2+
Fe3(P04)2-8H20(solld) = 3Fe” -+ ZPO4

+ SHZO

' 2+ =
FeCO3(solid) = Fe  + CO3

2 3= 4 um

+ B
+ ZPO4 2

Zn3(PO4)2'4H20(solid) = 3Zn

ZnCOB(solid) = Zn2+ + CO,

N 2+ =
Cd3(PO4)2(solld) = 3Cd” + CO

CdCo, (solid) = cat + co,”

| . + 24 2
Pb5(PO,) 30 (s014d) + 4 = SPB°T + 3HPO, " + H,0
PbCO, (solid) = pb2T 4 co,”
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=36.0

~10.68

-35.2

-10.78
-32.6
-11.29

=25.7

-12.83

Nriagu, 1972

Sillen & Martell
1964

Nriagu, 1973

§illen & Martell
1964

Sillen & Martell
1964

Sillen & Martell

1964

Nriagu, 1974

Stumm & Morgan
1872



equivalent free emergy change is determined by dividing the free energy

~change by the number of moles of metal (n) per gram-atom of solid.

2.3 RT )
1 LD B
7 AG o log IAP/R | (18)
Log saturation is then defined as
Log saturation =-% log %ég : (19)

~and is proportionmal te the fre&P

energy normalized to one gram—atom of metal
(Troup, 1974). Using this last relationship, the degree of saturation of
solutions with respect to a metal and a solid phase can be compared. Log
saturation calculations were performed for ferrous iron, zinc, cadmium and
lead ‘phosphates and carbonates for the interstitial waters in Lake Erie sedi-

ments.
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SECTION 9

DISCUSSION

Inorganic Complexeé

Alkalinity and pH, which increase with depth in the sediment, alter
the inorganic speciation of different metals significantly and to a different
extent. The effects of pH changes on the complexation of the metals are
demonstrated in Table 5 where alkalinity is held constant, and ionic strength
and pH are allowed to vary as they dd in core IV-80. Total metal concentra-
tions are held constant and are equal to those in core‘sample IV-80~5. The
effects of alkalinity changes are demonstrated in Table 6, where pH is held
constant and ionic strength and alkalinity equal the values for samples TV-
80-1 through 9. 1In both cases the total metal concentration is constant.

The free cadmium ion predominates in fresh water with little change
in speciation with changes in alkalinity and pH. CdCO30 becomes important
only at pH 9 at which point the cadmiuvm concentration equals the CdCOSO
(Exrnst et al., 1975). Therefore, according to Table 6 an increase in alka~-
linity in the system under study does mnot change the inorganic speciation of
cadmium. The pH changes observed in the interstitial water affect the Cd
speciation to a greater extent than the alkalinity. As pH increases from
7.02 to 7.95, the inorganically complexed fraction of Cdz+ increases from 1
to 11 percent,.due to the increased importance of CdOH+ and Cd(OH)zo.

In contrast to cadmium; which exists predominantiy as the free cation
under most freshwater conditions, Pb is highly complexed. Ninety to one
hundred percent of the Pb is complexed as PbOH+, PbCO Q,'PbHCO3+ and Pb(Oﬁ)é{l

The change in speciation of zinc with respect to increasing pH and
alkalinity is greater than for Pb and Cd. With alkalinity constant, a pH
increase from 7.02 to 7.95 halves the concentration of free Zn, whereas with
pH constant, an alkalinity incréase from 2.38 to 3.55 X IOHBM decreases the

free Zn concentration by only 9.3 percent.
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In summary, pH and alkalinity changes observed in the interstitial
water in this study affect the metal speciation. Cadmium is insensitive to
alkalinity changes while Pb and Zn are relatively sensitive to such changes.
Tﬁe changes in pH in the interstitial Watef are, however, more significant.
The combined effect of increases in pH and alkalinity with depth in the sedi-
ments is to decrease the free metal ion available for reaction with other

ligénds.

Thermodynamic Tendency for the Precipitation of Ferrous I¥on Minerals

. Iron sulfides are very insoluble and have been found to regulatevfeﬁll)
behavior in Chesapeake Bay (Troup, 1974) but are not thought to be important
in Lake:Erie sediments (Nriagu, 1974). Sulfide concentrations were below

detection (less than qulBM

Y. Any sulfide in the interstitial water would
result from the reduction of sulfate in the overlying water, and if sulfur is
conserved, total sulfide in the interstitial waters would equal 3 x 10—4M,
the value of sulfate in the lake water. This is compared tg a totai sulfur

concentration of 3 x lO‘—"2

M in ocean water. In the oceans, most sulfide is
the result of sulfate reduction by bacteria. In freshwater systems, howevér,
organic breakdown of organic sulfur with the subsequent formation of hydrogen
sulfide may be more important, based on data from Lake Mendota (Nriagu, 1968).
Acid volatile sulfides (approximately FeS) in these sediments are aé high'as
those reported by Aller. (1977) for Long Island Sound. Clearly there is

.ferrous iron-sulfide interaction. The higﬁ Fe(IIl) concentrations may keep
sulfide below detection by precipitation of ferrous sulfide. If this is
occurring, sulfide should not significantly affect the concentration of
Fe(IT). No reports were found indicating that sulfide is important in
regulating Fe(II) concentrations in Lake Erie sediments.

Log saturation calculations for vivianite (FeSCPO4)2’8H20) indicate
that the pore waters in Lake Erie sediments are always saturated by one

order of magnitude with Fe(II) and PO 39, except in the oxidized microzone.

~ This suggests that vivianite may be piecipitatiﬁg. The log saturation of
vivianite ranges from -2.3 to 1.7. Nriagu (1972) shows that in sulfide~
‘generating anoxic enviromments, sulfide activities (aHSn > 1OF6MD stabilize
pyrite over a wide range of Eh and phosphate concentrations. Troup (1974)

found mackinawite (Fel+XS),'siderite (FeCO3) and vivianite forming in high=

47



- sulfide waters in lower Chesapeake Bay; therefore, all three ére thought to
control the behavior of phosphate, sulfide and ferrous iron. In low sulfide
waters, as in Lake Erie, vivianite has an increased stability field (Nriagu,
1972). The ferrous iron and phosphate concentrations in Lake Erie fall
within the stability field of vivianite diagramed by Nriagu (1972). Tn low -
sﬁlfide waters, vivianite is a possible control of phosphate and ferrous

iron concentrations when phosphate concentrations are high and Eh is low.
This conclusion is supported by Dell's (1973) fiﬁdiﬁg of vivianite nodules in
Lake Erie, if they are authigenic in origin.

The pore waters appeared to be supersaturated with respect to ﬁydroxy~
lapatite (CalO(P04)6(OH)2) but according fo Nriagu and Dell (1974), Emerson
(1976) and Bray et al. (1973), this mineral does not seem to be controlling
the ferrous iron and phosphate levels in interstitial waters. No clear ex-
planation has been suggested but it appears that kinetic hindrance prevents
the precipitation of hydroxylapatite (Rootare et al., 1962)., Stumm and
Leckie (1971) showed that its precipitation is accelerated in the presence of
calcium carbonate. 1In Lake Erie, where calcium carbonate is low due to the
noncalcarious nature of the Sediments,‘the pore waters appear to remain super—
saturated with respect to hydroxylapatite and not in equilibrium with the
mineral phase. _

The pore waters were also supersaturated, espeéially deeper in the
cores, with respect to siderite. Emerson (1976) observed a ten~fold super-
saturation of iron with respect to this mineral below 10 cm in the sediment
in the Greifensee, Switzerland. The formation of the iron bicarbonate com-
~plex, FeHC03+, was suggested to explain the supersaturation (Larson, 1967),"
but Singer and Stumm (1970) found this complex to be unimportant. They sug-
gested a larger equilibrium constant but this does not sufficiently explain
the degree of supersaturation. Complexation by simple organics may contri-
bute to increasing the degree of ferrous iron supersaturation, but a much
stronger complexing agent that it Fe(II)-specific must be identified if
organic complexation is to be significant (Emerson, 19763 Cardiner, 1974).

A high level of humic and fulvic acids was found in the superficial sediments
of Lake Erie (Kemp, 1972); these acids may be the strong Fe(II)-specific
complexing agents.

Throughout the central basin of Lake Erie, pore waters were generally
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supersaturated with respect to vivianite and siderite. This relationship
was studied by Troup (1974) in Chesapeake Bay and the following feplicates
his approach. A
3 If two mineral species are in equilibrium their equivalent free
energies of formation should be equal, i.e.:
“ AG'sz.derlte = 46 ’v1v1an1te : ‘ (20)
The definitions of AG' and IAP given in equatlons (16) and (18)

reépectively, substituted into equation (20), yield

2 a 2-
1/3 log aFe(II) aP043— log pe(1T) 003 |

= (21

Xsp (viv) Xsp (s1D)
Simplification and rearrangement gives
’ a 3__’2 K
PO4 7 SP (VIV) .
= ,3 - ¥ °F - (22)
CO3 SP (SID)

A linear relationship between carbonate and phosphate results by taking the
logarithm of and rearranging equation (22)
o = 0.67 log a

3 v FO4

log a

4. =0.33 log K ' (23)

log a o = 0.67 log a

3
CO3 PO4

Graphically, the line described by equation (24) represents the equilibrium

+ 1.35 (24)

between siderite and vivianite stability fields.

' Siderite is thermodynamically more stable at high activities of CO3=
and low activities of P043-, and vice versa for vivianite. Figure 14 shows
equation (24) and the activities of carbonate and phosphate from the inter-—
stitial waters of Lake Erie. - Since a majority of the points parallel the
theoretical boundary, siderite equilibrium with vivianite in Lazke Erie pore

waters is implied.

Thermodynamic Tendency for the Precipitation of Zlnc, Cadmlum and . Lead
Minerals

The zinc concentrations in the interstitial waters are a couple of
orders of magnitude greater than those of either cadmium or lead and may

therefore be controlled by some inorganic precipitate. The ion activity

49



*se100 8yl Jo suoriaod xodosp syl woiy 3Isnl jou pue ‘eiep 9y3
IT® 3O UOTSNTOUT dYyj 031 onp ST I931EdS 9Yl JO 2WOS IBYI 910N °*SITUBTATA
pue 931II9pIs usomlaq wnTIqITTnbe TeoTieioayi oyl sjussaided SUIT YL

°£pnls STY3 JO siolea TBTITISIAIUT BYI TR UL SOTITATIOE m¢om pue moo
— N " .

8- 6- oi- - 2l-

4T 2an814

50



product of ZnS cannot be calculated since sulfide is undetectable. Hem (1972)
considered solution mineral equilibria of Zn(OH)2 (s), ZnCO, (s), and wille~
mite, Zn28104, and suggested willemite equilibria as a possible control of
zinc concentrations in low sulfide waters. Nriagu (1973) suggested control
of zinec levels of o hopeite, Zn3(PO4)24H20. Table 4 provides the pertinent
thermodynamic data for the considered mineral species.

Pore waters were generally undersaturated with respect to zinc and
carbonate by orders of magnitude and &id not approach equilibrium with o
hopéite, Zn(OH)Z(s)_or ZnCO3(s). Lake Erie dinterstitial waters are, however,
only slightly undersaturated with respect to willemite. The precipitation of
willemite is very responsive to-thé pH of the pore waters and less sc to the
concentration of dissolved silica. The reaction is described by equation (25).

70,810, + st = 2702t 4 H,S10, - log K, = 13.91 - (25)
With the substitution of a large zinc concentration and high pH, the pore
waters are undersaturated by only one order of magnitude with respect to
willemite. Only the presence of authigenic willemite in the sediments could
confirm its precipitation from the interstitial water, and it is unlikely
that it could be detected due to the low interstitial zinc concentrations
and probable poor crystallinity.

Cadmium concentrations in the interstitial waters of Lake Erie are very

~7.7 to 1O~9'OM. Since Cd does not form inorganic com~

low, ranging from 10
plexes in pore waters in Lake Erie, the free Cd is approximately equal to the
total concentration. Even with the small amount of complexation, log satura-
tion values from this study indicate that pore waters are undersaturated by
2-3 orders of magnitude with respect tg CdCO3(s) and Cd3(P04)2(s); despite
the fact that the solubility of CdCO3(s) is one-twentieth that of ZnCO
(Hem, 1972).

The concentration of free lead in Lake Erie pore waters is very low

3

due td lead's tendency to form soluble complexes under the conditions preva-~
lent in pore waters. -Greater than 90 percent of the soluble Pb is complexed,
resulting in activities of free Pb less than loﬁloM. With such a low actim~
vity, the Lake Erie pore waters were undersaturated by an order of magnitude
‘or more with respect ot hydroxypyromorphite, Pbs(PO4)30H,'PbCO3, Pb(OH)z and
PbO. : '
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Hem and Durum (1973) concluded after collecting nationwide values for
lead concentrations that surface waters are near saturation with respect to
the precipitation of cerussite, PbCOB. This is most likely an erroneous con-
clusion since they did not consider soluble inorganic complexes, particularly
PbCOB, which Ernst et al. (1961) suggested could be partially formed from
Pb02 as a result of increased anaerobic fermentation of plant material.

From free energy of formation values, Nriagu (1974) suggested that
hydroxypyromorphite and diagenetic éalcium apatites may be important in con-
trolling phosphate in freshwater systems. However, he. used an activity for
leadiequal to 10"6M, .This is larger than the lead activities determined in
- this study by 3-4 orders of magnitude. The log saturation of hydroxypyromor-
phite was about -1 and, therefore, ﬁhis precipitate is not a likely control

of lead and phosphate concentrations in Lake Erie.
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SECTION 10 |
OTHER POSSTBLE CONTROLS FOR ZINC, CADMIUM AND LEAD

Sulfides

In contrast to the behavior of iron, metal carbonates and phosphates
do not explain the concentrations of cadmium, zinc and lead. However, sulfide
may be important in regulating their concentrations since zinc, cadmium and
lead sulfides are less soluble than mackinawite, Fel+*s, The free gsulfide
level is below the detection limit of the sulfide electrode, i.e.,, .less than
10—'14 sulfide at pH 7. Total sulfur concentyation, therefore, is less than
10—6M. Because the overlying water contains 3 x lOH4M sulfate and total sul-
fide is less than 10H6M, dissolved sulfur is not conserved, providing the -
pore waters have an oxidation=reduction potential below the sulfate-sulfide
stability boundary. Sulfide may precipitate as metal sulfides. Mackinawite
is thought to be important in controlling the ferrous iron and sulfide levels
in some Chesapeake Bay sediment pore waters (Troup, 1974) but does not seem
to control ferrous iron concentrations in sediment pore waters in Lake Erie.
Since sulfide activities could not be measured directly, they were calculated
indirectly from the metal-sulfide solubility equilibria expressions and metal
activities. All the sulfide activities.fell between'10718’6 and ialG‘lM but
were not equal or consistently covariant with depth., Thus, control of metal
concentrations by sulfide is not obvious. By substituting a sulfide activity

- of 1QF17M into the cadmium sulfide equilibrium expression, cadmium equals

IQ*S’QM, a reglistic value based on data from this study. Further investi~
gation of the levels of sulfide in the interstitial water is warranted.
Possibly, the varying amounts of organic complexation not identified in this

study can account for the inconsistent sulfide ancentrationsz

Organic complexation

Neither inorganic complexation nor mineralmsolution equilibria with

carbonate and phosphate. adequately explain the trends exhibited by zinc, cad%
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mium or lead concentrations, as they do in the case of ferrous iron. Possibly
organic complexation is im?ortant in solubilizing the trace metals (Rashid
and Lecnard;'1973). ‘After analyzing the top centimeter of Lake Erie sediments
Kémp (1969) found that humic and fulvic matter comprised 30 percent of the
total organic carbon and humin comprised about 60 percent. Nissenbaum et al.
(1971) reported that polymerized organic matter accounts for about half of
the total diSsolved_drganic matter in the interstitial water in Saénich Inlet
sediments, and this matter was found to be high in trace metals, éspecially |
iron, copper and zinc. Fulvic and humic acids complex metals ét carboxyl and
phenolic hydroxyl sites and, when present, are probably responsible for the
increased solubilities of trace metals (Gamble and Schnitzer, 1973; Rashid and
Leonard, 1973). _
Simple organics, i.e., amino .acids and hydroxycarbo#ylic acids, do not
significantly complex trace metals relative to inmorganic complexation in
"sulfidic marine waters (Gardn_er3 1974) but may be important in a low sulfide
system. Gardner examined sulfidic waters whete bisulfide is believed to tie
up essentially 100 percent of the soluble metals. A percentage of the free
cations is complexed with simple organics, which is -small compared te the
total metal complexed. In low sulfide systems, where the biéulfide complex
is comparatively small, a significant portion of the metal is complexed with
simple organics if the same ratio fof organic complexation in sulfidic waters
is used in the low sulfide system. Formation of a metal—organic complex
follows the reaction
metal-organic complex = metal + Qrganic'ligand (26)
which is defined by the equilibrium expression (27)

(metal)(organlc ligand)
- (metal~organic complex)

(27)

Thus, the ratio of free metal to metal—organic complex is independent of sulw
fide activity. Gardner's reasoning is shown in Table 7 in addition to calcuﬂ
lations for ccmplexatlon in the present study, a low sulfide system.

- For the sample Zn qalculatlon? 20 percent of the zinc is organically

~6.1
1Q )
complexed ——:§~Z (10Q). The amount totally complexed is there increased from
10
=5.7 v =5.55

50 percent —~—§—Z (100) to 71 percent (100).

0n5.4 .
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Gardner (1974) concluded that 31mp1e organics do not complex signifi-
cant amounts of metals due malnly to the presence of metal bisulfides in high
sulfide waters. However, the calculations in Table 7 indicate that if simple
ofganics are present in low sulfide waters in similar concentrations, they
may contribute to the solubilities of the trace metals, especially in the
zone of intense biodegradation. Complexation with simple organics is insig-
nificant for Pb, which ie highly complexed with inorganic ligands and for Cd,
which still exists predominantly in the free state, but is significant for
Zn, increasing the amount of total complexation by up to 40 percent.

The metals in the surface pere waters may result from (1) release of
adsorbed cations from unstable hydrous oxides under reducing conditioms, (2)
release of the cation from a mineral surface due to a change in adsorbing
capacity under low pH and low alkalinity conditions, (3) organic complexation
of released metals from hydrous oxides, and (4) release of metals from organic
material,

For interstitial Weter in merine sediments, Brooks, et al. (1968) be-
lieve that it is not improbable that the increased content of the three
metals (Cd, Zn and Cu) in the interstifial water can be supplied completely
from the marine biosphere. They determined that the cadmium and copper con~
centrations could be accounted for by decomposing biological matter. Since
allochthonous organisms are the source of 90 percent of the organic matter in
Lake Erie (Harlow, 1966), biological matter could supply the pore waters with
the high levels of metals at the top of the sediment column.  Zinec is concen~
trated in the biota, both on surfaces of and withiﬁ algae and other organisums,
and is released during»biodegradation (0*Connor, 1968).- Since up to 66 per=—
cent of the total zinc complexed with proteins is loosely bound, it may be
leached, transported and become available for mineral deposition (Zajic, 1969).

The ferrous iron concentrations in the Lake Erie pore waters are 2000
times greater than those found in Santa Cruz pore waters; it is not unreason~-
able to suspect that the release of adsorbed ions from ferric hydroxides under
reducing conditions is also an important source of trace metals (Duchard et
al., 1973). 1Lead and zinc often showed surface maxima in the cores studiesg,
which may be due to theixr release from hydrous oxideszunder feducing condi~
tions (0'Connor, 1969). Decaying organic matter, most concentrated in the

'surficial sediments, may then complex the metal ions. Uponrreduction of
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“hydrous oxides with the addition of plant material, Kee and Bloomfield (1961)
found that the metals were present mostly as soluble.organic complexes which
could not be removed from the fermented extracts by cation exchange resins. ‘

- Many of the cores show maximum metal concentrations at the surface
and from 5-10 cm below the surface. Waltérs and Wolery (1974) report a sur-
face minimum of trace metals in the sediments and a maximum at 7-10 cm in the -
sediments. The interstitial maximum at 7-10 cm may be caused by solution-
mineral equilibria and the surface interstitial maxima may be the result of
intense biodegradation and ferric hydroxide reduction, which both release
metals to the pore waters. Humic byr-products, generated by biodegradation,
can complex. trace metals and hold them in solution., Cline and Upchurch (1973)
explain the surface maxima by the upward transport of metals on bubble sur-
faces which have been found to concentrate trace metals, They suggest that
the gases released by bacteria to form bubbles in .sediments could act as a
transport mechanism for heavy metals released by the same bacteria from |
chelation sites on the orgamnics. Upon reaching the biologically active sur—
face sediments, the metals are immobilized as they form new complexes orx
inorganic precipitates. In Lake Erie most organics, such as lipids, proteins
and carbohydrates, disappear in an exponential mannervwith depth in the
first centimeter of sediment as chemi-specific bécteria metabolize functional
groups capable of complexing caticns (Cline and Upchurch, 1973). Contact of
the adsorbed metals with the complexing organic matterfmay cause thé metals
to become immobilized in the sediment rather than passing out of the sediments
on the bubble surfaces. Since many of the cores collected contain pockets
of gas, the upward movement of gas bubbles (e.g., COzg NH3,.CH4) carrying

adsorbed metals may be a significant mechanism of upward metal transport.
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TABLE 7

COMPARISON OF THE EXTENT OF ORGANIC COMPLEXATION
IN FRESHWATER AND MARINE SYSTEMS

. log a in moles/1
Pb Cd Zn

Gardner's Study (marine--high sulfide)

Total cation. ' a9.0‘:‘ ' ~7.6 —6‘0
Total inorganically CDmpiexed

in sulfide system . . =9.0 ~7.6 -6.0
Free cation ~15.7 -15.6 ~13.8
.Total organically complexed =-16.1 -16.9 ~14.2

Free/organically complexed +0.4 +1.3 +0.4

This Study (fresh water—-low sulfide)

Total cation S ~9.0 =8.0 -6.0

Total inorganiéally complexed - -9.0 | -9.3 ~6.7 to ~6.2
Free cation =10.7 to =-10.0 -8.02 ~6.4 to ~6.1
Total organically complexed -11.1 to -10.4 -9.32 -6.8 to ~6.5

Total complexed -9.04 to -9.0 -2.0 -6.3 to -6.1

Samples values calculated for Zn, 11-43-6

vv , tog 2,
Total cation : o . =5.4
Free cation -5.7
Total inorganically complexed Lo=5.7 -5.7 :
Total organically complexed _ ~6.1 = 10 WA free
) 10 freeforg. complex
‘ from Gardner (1974)
Total complexed : v =5.55 :
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APPENDIX A

ANALYTICAL PROCEDURES FOR THE DPASV DETERMINATION QF TRACE METALS

Preparation of the Sample for Trace Metal Analyges

"One of the problems with much of the previgqus work on trace .metals is
that the data are not all that reliable because of the difficulties encoun~
tered in the sampling and analytical procedures. Therefore, it is necessary
that the procedures which are used be carefully checked and evaluated. A
Included in this section is a summary of our methods for the trace metal
analyses.

1) Preheating

Once the sampies were collected, they were capped and refrigerated at
3°C until the time of analysis at which time'they were acidified with Aristar
nitric acid te pH 1, Samples which were collected at a later date (1976 on)
vere acidified immediately after collection onboard ship. The following pre~
heading step could then be omitted. To dissolve any particulate matter that
- had formed, the sample bottles were heated in a water bath at 50°C for 24
hours. Heating at 60°C softened the plastic and resulted in a decrease in
trace metal concentrations. Probably the chemical structure of the plastic
expands at higher temperature énd traps metals. The results of an adsorption~
desorption experiment whereby the sample and containers were heated for 24

hours at 30, 40, 50 and 60°C are given in Table A-~l.

TABLE A-1

ADSORPTION-DESORPTION EFFECTS, RESULTING FROM HEATING SPIKED BLANKS
AND GONTAINERS FOR 24 HQURS AT 20, 40, 50 and 60°C

M " cd . _Pb
20°C (& = 0) 19.4 20.7 10.4.
20°C (t ~ 24 hrs.) 20.2 19.7 11.6
40°c ™ " : 23.4 21.6+2% 10.2%3, 4%
50°c ™ n 24.1£2% 19.8 11.9
60°Cc " " 17.442.2% 18.9 10.8
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2} Digestion

Because the earlier samples sat unacidified for as long as eight months
before analysis, it was necessary to digest the samples., At times, a surface
scum formed in the samples, so a representaﬁive aliquot could not be pipetted
from the bottle. Since the bettles had not been opened, the scum was formed.
from the sample, and did net represent contamination. Digestion of the sam-
ples alsc breaks down metal complexes and alds in complete solubilization of
the metals. Hence, in oxder to obtain a total concentration by DPASV, diges~—
tion was also found to be necessary for the acidified samples.

“Sodium hypochlorite and hydrogen peroxide, separately, were also tried
as possible digestants since their probable low metal content would introduce
‘a minimal amount of contamination. Bleach proved unsatisfactory since sample
peak heights increased with successive scans on the DPASV. Possibly the
‘excess bleach oxidized the metal off the Hg electrode and interferred with
the analysis. _

Complete digestion with 1 ml of Aristar nitric acid per 10 ml sample
followed by evaporation to dryness was chosen. FEvaporation decomposed the
nitric acid Without_appieciably changing the éample composition and pH. -Also,
the samples could be stored dried until the time of analysis. »

A test was pefformed by DPASV to compare the semsitivities of the trace
metals of diluted digested versus undigested spiked blanks. The results of
this tést? shown on Table A-2, show that digestion enhanced the sensitivities
of the trace metals in DPASY.

- TABLE A-2
SENSITIVITIES OF METALS IN DIGESTED AND UNDIGESTED BLANKS WITH SPIKES
Sensitivity = Ai/Av/ppb

Metal ' Digested -~ Undigested
: Sample - . . Sample

Zn 1,25 1.14

Cd : 1.53 1.17

Pb 1.03 _ - 0.86

Cu | 2.04 1.65
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3) Dissolution and dilution _

At the time of analysis, the dried sample was dissglved'iﬂ>10 ml 0.1 N
HNO, and 100 ﬁl hydroxylamine hydrochloride (HN,OH-HCL) for 20 minutes at 80°C
in an acid-washed glass beaker. This heating of the solution at pH 1 dis- .
solved the Fe(III) before it was reduced to Fe(II) by the reducing agent,
since higher pH's kinetically favor the oxidation and precipitation of Fe(III).
Once the Fe(II) was reduced and complexed, the pH of the sample could be
raised without the oxidation of Fe(II).

An experiment was run to . determine whether to add the hydroﬁylamine
hydrochloride before or after heating. When the selution was not heated, a
hump in the DPASV scan appeafed between the Pb andHCu,peaks, but heating with
hydroxylamine hydrochloride flattened the baseline. Therefore 1Q0 ﬁl hydro~—
~ xylamine hydrochlaride was added to 10 ml of the acid-prepared sample solution
before heating. o

Once heated, the 10 ml.of acid and sample was diluted with 15 ml of Q.2
N ammonium citrate according to the suggested procedure of Princeton Applied
Research (1975). .Ten ml of sample plus 15 ml Q.2 N ammonium citrate buffer
(pH 3.6) yielded a solution pH of 3.00:0.02, The pH was further adjusted
with purified ammonium hydroxide using the glass membrane part only of a
standard combination electrode. The pH electrode was standardized_against
the reference electrodé in the reaction cell and was connected, only during
ba reading, to a Fisher Accumet Digital pH/mv meter. During the operation of
the instrument, the pH electrode was disconnected to lessen the chance of
. electrical interference with the .reaction cell. |

4) The reagent

The original intent of the project was to study complexation of trace
metals in the interstitial water. Therefore, a method of sample preparation
which closely du?licated the original natural water system was sought. But
significant time passed between sampling and analysis so that the sample
no longer resembled the natural system. The entire sample was digested and
analyzed for total metal concentration only. Since speciation was no longer
to be investigated, the need for a chemical system approximating the natural
system was no lqﬁgerlnecessary, i.e., a system with pH and alkalinity of

natural waters. At the pH of natural waters, Fe(II) oxidizes to .Fe(III)
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instantaneously and, in the interstitial water where Fe(II) concentration is
‘high, Fe(I1I) interferes with electrolytic behavior of the cell.

Fresh water samples cannet be analyzed directly since the ionic strength
is not high enough for current conductance in the electrolytic cell of the
- ASV instrument. Thus, the sample msut be prepared in an ionic medium. A
sodium acetate buffer looked promising since its maﬁimum buffering capacity
was at pH 5~6 which is close to that of natural waters., Background noise
was minimal and sensitivities were high. But this pH was too high for samples
high in iron. The interference from the ferrlc iron was insurmountable even
with the addition of the reducing agent, hydroxylamine hydrochloride, to the
acid-sample solution.

Alternatively, ammonium citrate was tested since it has a"maiimum
“buffering capacity at PH 3.03, a pH at which Fe(IT) is more stable when reac—
ted with_hydroxylamine hydrochloride.' Taylar (perSonal communication) said
follQWlng additional reasons:

1)  better reproductibility than sodium acetate

2) complexes Cu and Fe better (also Lerman and Childs, 1973)

3) 1less interference from chloride (more important in marine than

: fresh water. |
Also, unpurified sodium citrate contained less than 1.5 ppb Zn and Pb and
less than 0.25 ppb Cd, so that purification was unnecessary. Sodium acetate
on the other hand was very contaminated with trace metals, particularly Cu,
and even after electrolytic purification was not of acceptable purity.

‘One problem with ammonium citrate is that the Fercitrate peak (form of
complex undetermined) overlaps the copper peak. The Fe(II)-Fe(IIL) peak
~normally lies to the positive side of the mercury peak but in citrate it lies
between the Hg and Cu peagks. With iron concentrations in the ppm range, the
small Cu concentration ef 2-10 ppb is seen as a shoulder off the Fe .peak or
is completely covered. Consequently, Cu was not determined for most samples.

5) Choice of pH of the reaction

The best operation conditions fqrAammonium citrate is at a‘pH of about
3-3.6 since ammonium citrate has a ma';;imum buffering capacity at pH 3,03.

The peék,corresponding to the hydrogen potential moves in a positive direction
and begins to interfere with the Zn peak at pH's less than 3. At pH's
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greater than 3.0 the Fercitrate and Hg peaks interfere with the Cu .peak. A -

~6) TInstrumental conditions for ASV scan

The best instrumental conditions for the concentratiens observed in the
interstitial water are described below. A new Hg drop was dialed for each
scan even though it was possible to reuse a drop. If a drop were reused, it
would be conditioned whereby a potential less pesitive than that of Hg was.
applied to the solution xesulting in the oxidation of all metals with loyer
potentials than Hg. Since a new drop was used each time, no conditioning
was necessary. Next, .metals were deposited on the Hg electrode at ~1.2
volts for 120 seconds. When metal concentrations werea high, a 60 or 90 second
deposition time was sufficient to give g measurable .peak. The solution was
stirred at a constant rate throughout the deposition step since metal depo-
sition is a functiom of liquid surface area expased to the electrode. Fol-
lowing this step, the solution was equilibratéd for 15 seconds during which
stirring was terminated and the splution allowed to settle. Modulation ampli~
tude was set at 25 mv, A higher amplitude (50) enhanced the sensitiyity, but
the lower setting was preferred since peaks ﬁere narrower. This allowed
better resolution between Ph and Cd WﬁQse oxidation ?otentials differ only
slightly. The sensitivity setting varied depending on the metal and its con-
centration in the sample. Zinc was generally analyzed at a less sensitive
. setting of 1 or 2uA where Cd and Pb .were analyzed at 0.5 or O.ZﬁA. The
setting was changed during a scan without interrupting the stripping or oxi-
dation process as long as approximately 10 seconds was alleted for equilibra-
tion of the electrical circuitry at the new setting. With a scan rate of
5 mv/sec, one scan was completed within 11 minutes. Qﬁygen which would inter-
fere with the stripping and reduction process was purged from the system with
nitrogen for 10 minutes initially and one minute between spikes.- Also,
nitrogen constantly blanketed the solution to further reduce oxygen penetra-
tion. ’

7) Precision and accuracy

One difficulty with using ASV in this study is the lack of standards
with which to compare the samples., Rock standards cannot be used since a
preparation procedure would involve dissolution. of the rock, a procedure'

which is drastically different from the one used for interstitial water and
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would introduce too great a contamination risk. Instead, sample éolutions
were internally standardized by repeated spikings with diluted standards.
S;andarda were prepared daily from 50 ppm stock solutions according to the
PAR methods (1975). Each ASV run was repeated until a consistent reading was
obtained (less than_}OZ variability) and each solution was spiked three times.
The average peak height of the spikes minus sample.Were plotted versus concen-—
tration‘to make a calibration curve from which the sample concentration could
be read directly. Each sample was;diluted to 25 ml,.enough for two 10 ml
aliquots which were run te insure no contamination resulted from pipetting.
One of the aliquots was then standardized, Two blanks were prepared according
to the sample digestien procedure for each batch of ten samples and run be-
fore the samples. o »

Another reason for internal standardization of.the samples was the pos-
sibility of matrix effects in the interstitial water. Tron and probably
organics decreased the semsitivity of metal concentration readings. Organics,
which are greater in surficial interstitial waters (Weiler and Chawla, 1968),
probably interferred with the reproducibility of the scans. Possibly, some
organics were not decomposed by the digestion procedure.

Several tests were performed to evaluate the precision and accuracy of
the entire procedure. The concentrations of the sample blanks over a-peridd

of several months were compiled and the results are given in Table A-3.

| TABLE A-3 ,
CONCENTRATIONS OF METALS IN BLANKS
a =3 | ‘ - Standard
Metal ' " ‘Mean (ppb) Deviation (ppb)
Zn | | 1,27 | .57
cd , .03 : .06
Pb | .59 Y
Cu o .94 ' .36

A similay study on a synthetic sample was conducted., A sample consisting of
(approximately) 30 ppb Zn, 3 ppb Cd, 4 ppb Pb, and 20 ppb Cu was made and

aliquots withdrawn over a period of about 7 months and analyzed. .The results

are given in Table A~4..
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TABLE A-4
CONCENTRATIONS OF METALS IN SYNTHETIC SAMPLE

n = 12
: _ o Standard
‘Metal ' , Mean (ppb) ’ Deviation (ppb)
Zn | 24,64 | 2.95
cd | 3.93 2.39
Pb - 4.33 _ 2.80
Cu ' 13,97 ‘ 4,13

This test gives a realistic estimate of the accuracy and precision of the
entife procedure. Thé precision is good, considering the concentration levels
of these particular metals. It may be improved somewhat by using a higher
purity nitric acid in the digestion procédure and even stricter controls
against contamination (using a laminar flow hood, for example). = The accuracy
is difficult to evaluate. The differences between the measured concentrations
and the ‘true' concentrations in the sample could have resulted from 1) the
'true' concentrations successive dilutions involved in making the standards,
2) loss (or gain) of metal by adsorption (or desarptiqn) on the sides of the
volumetric and storage bottles during the sample preparation and storage,
and/or 3) a statistically significant inaccuracy in the analytical procedure -
and method. Irregardless, the data are reliable engugh to permit their inter—

pretation and use in a thermodynamic model of the system.
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