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The first series of transition elements in the periodic table is 
made up of scandium, titanium, vanadium, chromium, manganese, 
iron, cobalt, nickel and copper, followed by zinc, a related metal. 
All but the first two of these metals playa biochemical role in the 
life processes of some if not all aquatic plants and animals; there
fore their presence in trace amounts in the aquatic environment is 
essential. Even the first two elements, although having no recog
nizable essential function, are apparently incorporated in aquatic 
organisms in a degree similar to the other elements. Although 
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most of these elements are essential to aquatic organisms in trace 
quantities, at high concentrations these metals become toxic. 
This chapter will discuss the introduction of these transition metals 
and zinc into the aquatic environment, and the various processes 
that appear to control their concentrations and distributions in 
lakes and rivers. The concentrations of some of these metals in 
oligotrophic, eutrophic and polluted lakes and rivers in and adjacent 
to the eastern Adirondack Mountain region of New York state are 
presented along with data from the literature to illustrate their 
occurrence in typical natural waters. 

SOURCES OF METALS IN RIVERS AND LAKES 

Transition metals enter rivers and lakes from a variety of 
sources. The rocks and soils directly exposed to surface waters 
are usually the largest natural source. Dead and decomposing 
vegetation and animal matter also contribute small amounts of 
metals to adjacent waters. Wet and dry fallout of atmospheric 
particulate matter derived from natural sources, such as the dust 
from the weathering of rock and soil as well as from man's activi
ties, which include the combustion of fossil fuels and the process
ing of metals, can introduce relatively large quantities of trace 
metals to rivers and lakes. Other activities of man, including the 
discharge of various treated and untreated liquid wastes to the water 
body or drainage basin or the contamination of the drainage basin 
through various construction, mining, lumbering or similar activities, 
can introduce large quantities of trace metals to local streams or 
lakes. The major sources will be discussed individually since their 
relative importance will vary widely from location to loca tion. 

Rock and Soil 

The rock and soil of the drainage basin is the most important 
natural source of metals to the water bodies present in the basin. 
TIle amount of transition metals and zinc present varies greatly 
with the rock type and mineral content. Table 2.1 shows the 
average concentrations found in the major rock types. 

Different plutonic rocks formed from the same parent magma 
usually have different amounts of trace metals as well as major 

. i 
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Table 2.1 

Average Concentration of Metals in Various Types 
of Rock and Deep Ocean Sediments" 

(values in mgJkg) 

Plutonic 
(i,raai(i£ 

Ultramalic Basaltic Plagiclase Orthoclase Syenite 

Scandium 15 30 14 7 3 

Titanium 300 1.38<10' 3.4 xlo' 1.2 xlo' 3.5 xl0' 

Vanadium 40 250 88 44 30 

Chromium 1.6 xl0' 170 22 4.1 2 

Manganese 1.62xl0' 1.5 xl0' 540 370 850 

Iron 9.4 xlO' 8.6SxI0' 2.64,,10' 1.42xl0' 3.67xI0' 

Cobalt 150 48 7 1.0 

Nickel 2.0 xlo' 130 15 4.5 4 

Copper 10 87 30 10 5 

Zinc 50 105 60 39 132 

Sed/men/ary Rock Deep Ocean Sediments 
Shale Sandstone Carbonate Carbonate Clay 

Scandium 13 2 19 

Titanium 4.6 xlO' 1.5 xiO' 4.0 xlO' 770 4.6 xlO' 

Vanadium 132 20 20 20 20 

Chromium 90 35 II II 90 

Manganese 850 100 1.1 x10' 1.0 xlO' 6.7 xlO' 

Iron 4.72x10' 9.8 xlO' 3,8 x10' 9.0 xlO' 6.5 xiO' 

Cobalt 19 0.3 0.1 7 74 

Nickel 68 2.0 20 30 225 

Copper 45 4 30 250 

Zinc 9S 16 20 35 165 

'Crom Turekian and Wed"pohl [I J. 

----------------------------------
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constituents depending upon the thermodynamics of the magma 
crystallization process. The fate of a trace metal will depend 
upon its concentration in the parent magma and the nature of 
the structural lattice that forms. Table 2.2 illustrates the varia
tion in concentration that will occur as the crystallization process 
progresses and different rocks are formed. The changes in con
centration of the varivus trace metals follow a generally repro
ducible pattern predictable on the basis of their charge, ionic 
radius and electronegativity. These factors result either in certain 
trace metals replacing others or the more prevalent iron and 
titanium in crystal lattices, cr in their capture or incorporation 
without replacement in other lattices. 

In sedimentary rocks different processes were at work which 
resulted in concentrations aud concentration ratios different 
from those found through crystallization processes. Clastic 
sediments, for example, which are formed by the transport and 
deposit of rock particles resulting from weathering, are generally 
more highly enriched in Ti, Y, Cr, Fe, Co and Ni because these 
elements occur in the residual mineral grains remaining after 
physical and chemical de~truction of the other rock constituents. 
Biogenic sediments formed by living organisms generally show 
selective enrichment of most transition elements. Enrichments 
vary greatly widl the environment in which the sediment was 
depo;ited as well as the biogenic materials constituting the sedi
ment. Table 2.3 shows some typical average concentrations of 
transition metals in the variolis marine sediments. Table 2.4 
shows representative concentrations of metals in oil, asphalt and 
coal and their ash. The selective enrichment of metals in these 
natural fuel materials has had a profound effect on their return 
to the terrestrial and aquatic environment, particularly in the 
case of the relatively less abundant elements such as vanadium, 
nickel, copper and- zitlc. 

Soils and clay minerals contain significant quantities of 
these metals. Iron is a major component of illitic and mont
mori1lonitic clays (4.12 and 2.82% Fe203' respectively), and 
makes up 0.19% of kaolinitic clays [6]. Titanium is present in 
smaller amounts in all three clays (0.62% Ti02, 0.76% Ti02 and 
0.0!l% Ti02 in 'lIitic, kaolin.tic and montmorillonitic clay, re
spectively). Soils with laf!)e organic fractions are capable of 

~--
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Table 2.2 

The Content of Minor Elem~nts in Differentiates of the Skaergaard Intrusion 
Compared to that in the Initial Magma* (values in mg/kg) 

Gabbro Picrite 
Initial and Eucrite Olivinf; Olivine-free Hedenbergite Granophyre 

MagtnJl (earltest) Gabbro Gabbro Fe"ogabbros Granophyre (latest) 

Rb 30 200 
Ba 40 25 15 45 50 150 450 1700 

Sr 300 200 700 450 700 450 500 300 :;> 
" La 25 150 <"l 

'" Y 125 175 200 ~ .... 
Zr 40 40 35 25 20 100 5{)0 700 " ;;; 
Sc 15 7 20 15 10 !;; 

Cu 130 70 80 175 400 200 500 20 S-
Co SO 80 55 40 40 5 10 4 ;... 
Ni 200 600 135 40 5 5 -;:: 
Li 3 3 2 3 3 15 25 12 

E; 
~ 

V 150 170 225 400 15 12 
;:;. 

Cr 300 700 175 3 
t>, 

'" G. 15 12 23 15 20 20 40 30 " a" 
Proportion of '" :: rocks as percentage 65 14 10 7.50 2.50 0.50 0.50 "' " 
'from Wager [2J and Wager, et al. [3). or 

'" ...... 
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TobIe 2.3 

Average Concentrations of Metals in Marine Sediments· 
(values in mgjkg) 

TiO, v C, MnOa FI!l:0~ Co Ni Cu 

J Silicl.lOUS pelagk sedltlJents 
rrom Allantic and Pacific 6500 460 97 6100 64:!OO 200 330 370 

2 Pelagic siliceous sediml!nts 
from P4cific 5900 6700 64400 

10 Pelagic calcaretlUS sediments 
from all major oceans 3800 300 5 I 4000 38900 91 232 338 

is Calcareous pelagic sedimcnls 
from Pacific 1000 14900 43600 

I:! Argillaceous sediments 
from aU major oceans 8400 390 55 5900 81300 100 300 400 

9 Pelagic red clays from 
Pacific 8000 7100 78600 

35 Pacific pelagic 
scdimt=nts 22000 450 93 197\)0 92900 160 320 740 

18 Atlantic deep·sea 
sediments 8500 45 86 6300 82000 3' 140 130 

12 Ncar·shore 5alltb. Gulf of 
Paria 4500 79 31 1700 46900 77000 16 71000 

12 Clays, Gulf of 
Paria nOD 

North At!antic l:aicarcou!j 
core 4000 13 36 3800 42200 28 138 

8 R~d clays from 
Pacific 12jOO 48 51 \4900 89 164 

20 Padfk pelagic red 

clays 145 82 98 260 
Pacific pelagic 

core 30 261 
Atlanti<: pelagic 

core 5 I 178 
2 Ncar-shore m l,Ids 

«2"" fraction) 230 260 0 29 440 
6 Near-shore greenish mJds, 

Gulf of Paria 146 93 3200 72600 12 31 17 
29 Near·shore 

sediments 82 11 ., 
Oceanic pelagic 

average 5900 193 69 5000 61800 100 236 345 
Oceanic pt.!ilail: 

average 7100 8900 65400 

-adapted from IUley and Skirrow [41. 
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Table 2.4 

Metals Content oC Oil, Asphalt, Coal and Their Ash-
(values in mg/kg) 

Pelitic 
Sedimentl Coal 

Oil Ash Asphalt Ash (coal) Ash 

Sc ND NO NO NO 6.5 400 

Ti Trace 8,000 NO NO 4,300 20,000 

V 260 460,000 23,400 530,000 120 11 ,000 

Cr 3 450 6 330 550 1,200 

Mn 330 33,000 0.4 NO 620 22,000 

Fe 850 530,000 420 250,000 

Co 10,000 0.14 70 8 2,000 

Nu 240 158,000 3,000 200,000 24 16,000 

Cu 19 130,000 1,660 108,000 192 4,000 

Zn 0.6 18,000 100 1,000 sao 10,000 

-Crom Krejci-Graf [5]. 

binding significant quantities of transition metals and zinc 
through organic-metal complexing. The strength of these bonds 
for different metals will vary with the pH. In addition, hydrous 
oxides of iron, manganese and titanium in the soils and clays 
will adsorb metals selectively. 

Krieger [7] found that Cu, Mn and Zn are concentrated in 
the Ao and Al horizons of podzolic soils by recycling by 
plants. He also noted: 

1. that, on the averall", chemozems and black prairie soils 
contain more copper than podzols and podzolic types, 
and that better drained soils contain more copper than 
do poorly drained ones 

2. that black prairie soils and chernozems contain Ie" 
mangane .. than do podzols and podzolic soils, and that 
it is more evenly distributed throughout profiles of the 
former 

3. that black prairie soils and chernozems contain slightly 
more zinc than podzolic types) and that it is more 
evenly distributed throughout th~ former two soils. 
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Zhukova and Solodnikova [8] found that in soils exposed 
to frequent leaching and oozing regimes such as in irrigated re
gions, the upper layers contained highly active forms of Cu, 
average Co and !ow Zn. Mn was high in clay~y soils, and in 
loamy soils was low in the spring and summer and high in late 
summer and fall. In these soils, Cu, Mn and Co decrease with 
depth while Zn increases.' Jenne [9] concluded that the hydrous 
oxides of Mn and Fe furnish the principal controls for the fixa
tion of Mn, Fe, Co, Ni, Cu and Zn in both soils and fresh water 
sediments. 

The concentrations of metals in the nonmineralized zone 
of British soils in the Tamar Valley area are shown in Table 2.5. 

Table 2.S 

Average Metal Concentrations in Tamar Soils· 

Concentration. mg/k( 
Metal A !'ailable Total 

Mn 101.6 

Fe 42.6 

Zn 4.31 64.39 

Cu 0.50 22.09 

Co 1.04 22.25 

Ni 1.82 36.60 

·from Davies [IOJ. 

In the table "available metals" are those leachable with dilute 
acetic acid, while "total" represents that extracted from the soil 
with hot concentrated nitric acid followed by hot aqua regia. 
These soils overlay Upper Devonian and Lower Carboniferous 
sedimentary rocks. By comparison, a pasture soil near an old 
mining area in the same vicinity contained 43.0 ppm available 
Zn, 16.9 ppm available Cu, 258 ppm total Zn, and 163 ppm 
total Cu, thus showing how the surrounding rocks can affect the 
metal content of adjoining soils. 

Leaf and forest vegetation can also contribute significantly 
to soils as well as to adjoining water bodies. This contribution 
can be magnit1ed when metal fallout from an air pollution source 



Trace Metals in Aquatic Environments 85 

occurs. Little and Martin (II] report zinc levels up to 7000 ppm 
dry weight of plant material on the sheltered side of oak leaves 
near a lead and zinc smelter in Britain, with 6200 ppm on th~ 
exposed side. The acetic acid leachable (available) zinc in the 
pasture soils near the smelter ranged between 87 and 338 ppm 
in oven-dried soil, while the soil in adjacent woodlands ranged 
from 710 to 1100 ppm Zn. Even in relatively uncontaminated 
areas the concentration of metals in leaves and litter is appre
ciable. Nilsson (12] reported the ranges of concentrations of 
several trace metals in living spruce needles in the forest litter and 
in the underlying soil in a forest in southern Sweden, as shown in 
Table 2.6. The concentrations of some trace metals in various 
leaves from a New Hampshire forest were measured by Gosz, et 
al. (13] as shown in Table 2.7. 

Metal 

Cr 

Cu 

F. 

Mn 

Ni 

Zn 

Table 2.6 

Ranges of Concentrations of Trace Metal, 
in Portions of Fore't in Southern Sweden" 

(values in rug/kg in dry matter) 

Living Spruce 
Needles Litter 

0.2-1.5 2.3-6.7 

1.4·3.5 5.1-13.5 

29·111 574·2850 

71-1090 131·318 

0.7·3.1 2.7·5.6 

27·188 60·126 

"from Nilsson [12]. 

Underlying 
Soil 

23·81 

3748 

19,000-24,000 

290·323 

18·28 

2841 
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Table 2.7 

Concentrations of Trace MetaJs in Various Leaves 
from a New Hampshire Forest· 
(values in mgjkg in dry matter) 

Yellow Birch Sugar Map/e Beech 
Metal Leaves Leaves Leaves 

Cu 9.3 6.7 7.0 

Fe 109 83 164 

Mn 4,538 2,759 2,299 

Zn 509 31 37 

*from Gosz, et al. (13). 

Precipitation and Atmospheric Fallout 

The second most important source of trace transition 
metals to water bodies on a global basis is the introduction 
through precipitation or dry fallout on the water surface or in 
the drainage basin. The air that moves over the earth's surface 
carries a large quantity of particulate matter or aerosols-about 
10 million tons by one estimate [14]. This particular material 
is constantly being removed by gravitational settling and im
pingement on surfaces as well as by rain and snow almost as 
fast as it is being added. The matedal added to the atmosphere 
comes from natural sources as well as through man's activities 
and contains appreciable amounts of trace metals. Among the 
natural sources are the dust from volcanic eruption, the dust 
produced by the erosion and weathering of rocks and soil, the 
solids produced from the evaporation of entrained sea spray or 
other water droplets, and the smoke from forest fires and 
micrometeorite dust. 

Man's activities, which account for about everyone out of 
five particles or one out of every five tons in the air [ 15]. add 
an even greater proportion of transition metals mainly because 
of t.he combustion of fossil fuels, which are enriched in trace 
metals, and the manufacture of steel and other metals. For 

-----------------------1--
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example, it is estimated that over 25 million metric tons of Fe203 
were discharged into the air from iron and steel manufacture in 1948 
throughout the world, of which about 6 million tons were discharged 
in the United States [15). A million metric tons of manganese oxide 
were also discharged as part of the steel manufacturing. In the case 
of vanadium, it is estimated by ZoUer, et aI. [16) that on an annual 
worldwide basis 27,000 metric tons enter the atmosphere from soil 
and rock dust, 10,000 metric tons from volcanic debris, 12 metric 
tons from sea salts, and 20,000 metric tons from the annual combus: 
tion of 2 billion metric tons of petroleum. . 

The particles containing the trace metals are returned to the 
earth's surface and water bodies mainly in four ways: 

I. Gravitational settling returns most particles. This not only in
volves the settling of relatively large fly ash ·and soU particles 
but also the settling of smaller particles that coUide and. coagulate, 
Particles that are less than 0.1 micron in diameter move randomly 
in air, coUide often with other particles, and thus grow rapidly by 
coagulation. particles in this size range would soon vanish from 
the air were they not replenished constantly by condensation 
processes. Particles in the next larger size ran.e, 0.1 to 1.0 
micron, are also removed from the air primarily by coagulation. 
They grow more slowly than the smaller particles because they 
are somewhat less numerous, move less. 'rapidly in air. and collide 
le9s often with other particles. At diameters larger than 1 micron, 
particles begin to develop appreciable settling velocities, Above 
10 micron" they begin to settle retatively rapidly, although such 
particles can be kept airborne by turbulence for extended 
periods, 

2. Particles brought near the earth's suri'ilce may be removed by 
impacting on the surface of obstacles such as vegetation, 
rocks and buildings. 

3. Precipitation in the form of rain and snow retUrns particles 
by gathering large numb ... of small particles in the cloud
forming process (in cloud scavenging), which are carried to 
the ground in the precipitation. 

4. Precipitation can remove or wash out particles that are below 
the clouds during the precipitation e.ent. 

Deposited particulate matter settling out due to gravity has 
been measured in dust fall containers since the early 1900's, and 
as would be expected showed considerable local and temporal 
variation. Typical dry fallout in rural areas near large cities ";Dd 
industrial areas range between 10 and 100 tons per square mile 
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per year, while in the thickly populated industrial areas, 500 to 
2,000 tons per Square mile per year are typical [14]. On occa
sion, the concentration of particles in the air over thickly popu
lated industrial areas (experiencing the 500-2,000 ton fallout) 
has exceeded 1,000 p.s/m' of air; however, in most urban areas 
the concentration averages about 105 p.g/m'. Suburban areas 
generally average about 37p.g/m· and remote continental areas 
7 p.g/m3 (17,18]. In these suburban areas, dry fallout rates of 
125 micrograms/m2/day generally occur (19J. 

Precipitation will also remove particulate matter, the amount 
varying greatly with the amount and kind of precipitation. In 
suburban or rural regions most of the particles brought down 
with precipitation are collected in the cloud-forming process at 
the higher altitudes. Particles less than 2 microns in size are not 
effectively "washed out" by precipitation below the clouds. In 
rural areas with ample precipitation, the amount of material 
brought to the earth's surface by precipitation is about the same 
as that returned by dry fallout (20,21]. 

The concentration of transition metals and zinc will vary 
greatly in both wet and dry fallout, depending upon the source 
of the particles present in the area. Table 2.8 gives some typical 
metal concentrations in the air. The amount of dry fallout of 

Table 2.8 

Typical Concentrations of Various Metals in Air Particles 
in the United Stat •• and Adjoining Oceans. (p.g/m' of air) 

Urban Rural..suburban Oceanic 

Total particles 105 37 11 
Scandium 5 x 10-4 1.1 X 10-4 4.1 x 10" 

Titanium 0.04 0.03 0.03 
Vanadium 0.05 0.005 2.0 x 10" 

Chromium 0.02 0,01 4.2 x 10'" 

Mangan ••• 0.7 0.05 0.02 
Iron 2.5 0.2 0.23 
Cobalt 0.005 0.001 8.7 x 10" 

Nickel 0.10 0.05 
Copper 0.2 0.1 0.05 
line 0.7 0.05 0.0025 

'from References 16, 17,22·29. 

I 
________________ . _________________ 1 __ 1 
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these !llft~h '.vlJ.l be directly proportional to their concentrations 
in t~~e '0''" , .... ,.'.. ~' .. ' "~mple, in a rural-suburban area where 
t::: :",.,' ' .. : . .. .. ,-.' of air, a dry fallout of about 0.3 
m;c~-·c·'.' . '.:.. .., square meter per day would be expectc:;. 

T" ·,val ot ,.;loome particles and metals by precipitation 
w::: " ',c: ' ; :he a', ,lint and type of precipitation, The con-
ee-:,,:'.;'· .lletail; in the precipitation will generaJly be greater 
dur;n;; \ "" :' . t hour or so and may decrease with time. This is 
most r-'l\''': -;e if the precipitation is washing out particles 
below th,: ~".'c!ds, particularly in contaminated atmospheres 
where thc,~ :1 a large particle concentration in the air close to 
the earth', .'.c!rface. Table 2.9 lists the concentrations of these 
metals tbt have been measured in precipitation falling on unde
veloped al·p.as in the northwest and northeast (Quilayute, Wash., 
and Lake George, N.Y., respectively). The data bear out the 

Table 2.9 

Typical Concentrations of Various Metals in Rainwater (/oIS/I) 

Northwesta Northeastb 

(rural) (rural) Continental Av." 

Scandium < 0.002 NO ND 
Titanium NO NO ND 
Vanadium NO NO ND 
Chromium <2 NO NO 
Manganese 2.6 3.42 12 
Iron 32 34.89 NR 
Cobalt 0.Q4 NO ND 
Nickel NO NO 43 
Copper 3.1 8.16 21 
Zinc 19.5 30.32 107 

afrom Rancitelli, et al. [26J 
bfrom Williams, et al. (30) and unpublished data 
cfrom Lazrus, el al. (31). 

observations of Lazrus, et al. (31) who sampled the precipitation 
for Fe, Mn, Cu, Zn and Pb at 32 stations distributed throughout 
the United States including Albany, N.Y., and Medford, Oregon. 
TIley found lower concentrations of the metals in precipitation 
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'". ':'.' ·'~r'!:\'.'e~t than in the northeast. Of the first series of 
.... , .... "'. only the concentrations of scandium. t:to'lium 

:'Jit :md iron reflect concentrations in t!1~ "tmes
, . "W~·; :-; ~cipitation on a regional basis that could : e ~om
.:y atL";;ated to natural &Ources of introduction [26J. 
!tahn [32] attributes the relatively high zinc and coppcr 

"cOltrat:ulIs in the air over remote areas to man's activities. 
,·.~ver, Zoller, et al. [33J could not ascribe the high Zn and 
';.;:michment of Antarctica air particles to any natural or 
3;- ;'1)'opogenic process. Vanadium, when present in detectable 
cc:tCcntrations, usually results from combustion processes. The 
contribution of wet and dry fallout to the aquatic environment 
i3 expected to continue to increase as amounts of atmospheric 
particles increase. Significant increases in the concentrations of 
these particles have been taking place during the past 20 years 
over most of the UnHed States, Europe and the North Atlantic. 

Pollution-Contamination 

The third principal source of trace metal introduction to 
the aquatic environment is man's pollution and contamination 
of the water bodies by direct discharge of various treated or un
treated agricultural, municipal, residential or industrial effluents 
to the water body or through contamination or disturbance of 
the drainage basin with subsequent contaminated runoff to the 
water body. The contamination of the water body or drainage 
basin through the additional wet and dry fallout of metals, 
attributable to man's activities, has just been discussed. 

Agriculture 

Trace metals play an important part in the nutritional re
quirement for food and food products. Photosynthesis requires 
manganese, iron, chloride, zinc, and vanadium [34J. Also, for 
nitrogen fixation, iron, boron, molybdenum, and cobalt are 
required, and other functions may also require manganese, boron, 
cobalt, copper and silicon. The exact ratio of these metals in the 
plant material varies for each individual species. Some typical 

________________________ 1 __ 
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concentr:;.';c.:'s or trace elements found in plants are shown in 
Table :.!" .· .. :.·,.:''-' .. ,e, the uptake may be greater than the 
min.iF'·.··,..' :.~,.:., .. :-;.".: f,g that metal in the specific plant when 
excess ~;:;: '.' •. ~, 01 tl:; ;,eavy metals are available. As noted pre
viously, ".\C':," ve co:'~entrations of these trace metals may also 
res::lt in "C., ".don or death of the plant grown on such soils. 
Conce;;("".: ;'; which have been shown to be toxic to plants are 
also presen ",'.' in the table. 

Table 2.10 

Total Concentrations of Trace Elements 
Typically Found in Plants and Soils 

Cone. in Plants I&/g) 
Taxiec 

Cone. in Soils lpg/g) 
Element Normal Common Range 

Cr 0.2 ,1.0 100 5·3000 

Co 0,05-0.5 8 1-40 
Cu 4,15 >20 20 2,100 

Mn IS·l00 8S0 1004000 

Ni 1 >50 40 10·1000 

V 0.1 ,10 > 10 100 20·500 

Zn 15·200 >200 50 10·300 

afrom Allaway [35J. 

bToxicities listed do. not apply to certain accumulator plant species. 

Farm animals consume either the plant itself or its seeds. 
Here again trace amounts of these metals may be essential to 
the growth of the animals consuming the plant material. Fur· 
thermore, the concentration of the trace metals within the 
animal or within any particular organ of the animal may also 
vary. Excretion of the unmetabolized or waste metals may 
result in their accumulation and/or concentration in the waste 
disposal area. In the case of the plant material, this may be in 
the silage, whereas for animals it would be in the manure. 

The normal source for these trace metals for plants is the 
soil in which they are grown. Typical concentrations are also 
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c.~:,·.'.,. 'c Td:-Ie 2.10, The distribution of these metals in the 
.":: s.o;;" l';~S been discussed earlier, In general. the concen

"'., "'" J,"i!~l"e are very small, and in some cases may not be 
~'. " ;m b )Hovide the needed requirements of the plants. The 
,,:> ·".lty ,,;,d consequently the plant uptake of the trace metals 
;" ,:,.1 soils varies considerably with pH and the redox potential 
.::. ,:;;,1 the soil or the root systems (361. The associated anion 
:0" the particle size also have a great influence on growth and 
metal uptake by plants. Precipitation may enhance solution, and 
pr~cipitation and runoff may encourage erosion of the soil and 
rock to increase the availability of the trace metals. 

Another source of trace metals is the water applied for irri
gation. Little consideration has been given to the desirability of 
trace metals in irrigation water. However. maximum concentra
tions for various soils and application rates have been specified 
as shown in Table 2.11. For comparison, the specified limits for 

Table 2.11 

Surface and Irrigation Water Quality Criteria for Trace Elements (mg/l) 

Injz.atton Water 
Continuous Use Short·Term Use 

FWPCA NASh FWPCA c 

Surface Water Any Coarse .. Textured Flne·Textured 
Element FWPCA a Soil Soil Soil 

Co 0.2 0.05 10.0 
Cr 0.05 S.O 0.1 20.0 

Cu 1.0 0.2 0.2 5.0 

Mn 0.05 2.0 0.2 20.0 

Ni O.S 0.2 2.0 

V 10.0 0.1 10.0 

Zn 5.0. 5.0 2.0 10.0 

a U.S. Dept. of Interior. Federal Water Pollution Control Administration 
[31). Surface water criteria are virtually the same as drinking water stan· 
dards (U.S. Dept. of Health. Education, and Welfare [38)). 

~ational Academy of Sciences [391. Recoinmended maximum concentra· 
tions of trace elements in irrigation waters used for sensitive crops on soils 
with low capacities to retain these elements in unavailable forms. 

cFor short-term use only on fine-textured soils. 
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trace metals in surface waters are also shown in this table. Not 
all of the irrigation water applied to a field remains because much 
runs off in order to maintain the salt balance within that field. 
The excess runoff may be similar to the quality of the applied 
water, and frequently has a higher concentration of some sub
stances due to evaporation of the water and leaching of substances 
already present in the soil. 

A manmade source of trace metals may be the fertilizers 
applied to the soil. Whereas the concentrations may vary in 
specific fertilizers, they have been shown to contain chromium, 
copper, iron, manganese, nickel, and zinc. The levels are seldom 
measured, however, and therefore little is known as to the total 
amount of trace metals contributed by ferti1iz~rs. In general, 
alkaline soils tend to stabilize trace metals. Thus, if lime is added 
along with fertilizer there is a greater chance of retention of the 
trace metals, possibly making them unavailable to the plant sys
tem. Phosphates also stabilize the metals, preventing them from 
becoming available to plants. 

In general, the soils become a sink for the trace metals in 
that they are stabilizeo through oxidation reactions and adsorp
tion. Obviously there is a limit to the chemical and adsorption 
reactions. Usually, water that percolates through soils is depleted 
of its heavy metals in a relatively short time. Thus, the trace 
metals have less chance of reaching a nearby stream. On the 
other hand, surface runoff may carry trace metals to a nearby 
stream. 

It may be seen that the specific amounts of trace metals 
that reach receiving streams from agricultural runoff are extremely 
variable and difficult to evaluate. Very few stream surveys in
volving heavy metal determinations have been made; even fewer 
have been conducted comparing the specific effects of heavy 
metals in runoff from forested land, crop land, grazing areas and 
other agriculture-related industries. Therefore, specific values 
for the contribution of trace metals from the agriculture industry 
to streams is difficult to provid~. 

Domestic Sewage 

Food containing the nutrients and trace metals taken up 
from the soil is consume,d by humans ~nd other animals. Not 
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aU the nutrients and trace metals are retained in the body tissues, 
the excess being passed off in the excrement, through perspira
tion, and in breathing. The first two reach the aquatic system 
directly where water carriage of wastes is employed. Signilicant 
problems can also arise where animals are concentrated, such as 
feed lots and chicken farms. 

The actual amounts of trace metals in domestic sewage may 
vary according to water usage, quantity and types of food eaten, 
time of year, economic status, and the prevalence of garbage 
grinders. Studies in New York City revealed concentrations of 
metals in sewage as shown in Table 2.12. 

Table 2.12 

Trace Metals in New York City Sewage Treatment Plants" 

Avg. Cone. Avg. Cone. Avg. Cone. Treat. Avg. Cone. 
in Treat. in Surface in Trtat. Plant in 

Planr Inf. RUllc!! Plant Eft. Removal Sludge 
Metal mglt mgll mgll % mglkg 

Cu 0.27 0.46 0.15 45 60 

Cr 0.16 0.16 0.08 48 38 

Ni 0.11 0.15 0.10 17 8. I 

Zn 0.41 1.6 0.26 36 85 

"from Klein, ef al. [40J. 

The data for similar studies at Grand Rapids, Mich., Richmond, ' 
Ind., and Rockford, Ill. are shown in Table 2.13. The values 
reported for Richmond were similar to those for New York City, 
whereas higher concentrations of all the metals measured were 
found at Grand Rapids and Rockford. 

Recently, much attention has been given to the possibility 
of applying sewage and sewage sludge to the land. This has re
sulted in numerous studies of the trace metals concentrations in 
these sources. Th~ studies b,' Kirkham [42 J, based on the average 
concentrations of metals intne sludges of other cities across the 
United States and Europe, indicate higher concentrations of 
metals than found in the New York City study. This is most 



Table 2.13 

Trace Metms in Sewage Treatment Plants of Three U.S. Cities· 

Composite Sewage Priman' emuenl Finlll Efi-luenl 
period. Total Meuzl Total -Soluble Total Soluble 

City Metal .,. Avg. Range Avg_ R.ange AvS". /l.Il!lge AI'g Range Avg, Range 

A C, 24 3.6 0_7~S.6 3.2 0.6-6,3 2.5 1.0·3.3 
8 3-8 0.6-5.1 3.5 0.6-5.3 2.8 .0.34.0 2." 1.0-3.8 1.7 0.2-3.1 

C. . 2' I.' O.7~2.4 1.5 0.6-2.8 1.6 0.4-2.9 
8 1.6 0.3·3.7 I.. 0.4-2.3 IA 05-2.7 1.6 O.3~3.2 1.3 0.2-2.6 

Ni 2' 2.0 1.3-3.4 18 0.9-2.9 1.8 1.0-2.5 
8 2.1 1.2-3.5 1.9 I.O-1A 1.7 0.8-2.2 1.8 1.0-2.2 1.6 0.8-2.1 

Z. 24 1.5 0.6·2.5 1.0 0.4-1.5 0.8 O.6-L~ 

~ 8 1.5 0.4-2.2 1.0 0 .• -J.6 0.2 0.1-0.4 0.7 0.6..0,9 0.3 0.2-0,6 

'" " B C, 24 0.8 0.2-2.1 0.8 0.3-1.8 0.2 O.OJ -0.5 " 
8 0.3 0.2-1.2 0.7 0.4-1.0 0.3 0.01-1.2 0.1 0.01-0.5 0.04 0.0),(1.1 ;;;: 

C. 2' 0.2 O.l-OA 0.3 0.2..0.6 0.07 0_04.{l.~ " 
8 0.2 0.1·0.5 0.3 0.2-0.3 0.1 0.2-0.3 0.05 0.03-0.1 0.04 0.01-0.1 ;; 

Nt 2. 0.03 O.OI-O.J 0.03 (,.01-0.05 0.02 0.01-0.03 
!:; 

8 0.03 0.01..0.1 0.1 0.02.0.2 0.04 0.01..0.1 0.02 0.01-0.04 0.02 0.01-0.1 S· 
Z. 2' 03 0.1-0.5 0.' 0.3-0.9 0.1 '0.1-0.2 ;". 

8 0.3 0.2-0.5 0.3 0.3~.5 0.1 0.04-0.1 01 0.141.2 0.1 0.1-0.2 "'" 
C C, 2' 1.8 05·2.9 I.S 0.5-2.2 1.2 0.6-1.5 

§ 
8 2.7 004·3.9 1.8 0.3·3.0 1.1 O.h!.5 L2 0.2-1.8 0.6 0.05-1.5 R· 

CU 2' I.' 0.6-3.3 1.3 0.5·26 . 1.0 0.5-3.6 li' 8 1.7 0.4-6.8 1.1 0.2-7.5 !.5 0.2·5.5 1.6 0.4-1.3 1.::- 0.2-5.5 
" Ni 24 0.9 0.2-1.9 0.9 0.3-1.2 0.9 0.5-1.4 .- 2f 8 1.0 0.08·:;:.2 10 0.3-1.6 0.9 0.2-1.4 . La 0.5·1.9 1.0 0.6-1.5 

Zn 2' 2.7 1.2·3.4 2.0 0.9-3.6 1.3 O.R·1.7 
;:, 
:. 8 3.7 1.0-10 2.1 0.8-3.4 0.5 0'.2-1.2 1.4 1.0-1.8 D.:! 0".1..().5 " 

A. Meuis in pro::ess effluents: Grand Rapids, Michigan. Septt:mber 1963. Conc-.;;ntratiolls for 14-day period,' mgjl. 
;:, 

B. Metals In proass effluents: Richmond, Indiana, August 1963. Concentrations- fOI j4-day period, IDg/1. " C. Metals in pwcess efflu<.:nts: Rockford, UUnols, Octobt:r-NoY<:mber 1963. Concentrations fot 13-da), period. m:.!!. '0 
• . from Public Health Service {41} . '" 



96 Aqueous-Environmental Chemistry of Metals 

likely due to greater industrialization in those other cities. 
Balkeslee [43J showed (Table 2.14) that the range of concentra
tions of trace metals in sewage sludge varies with the treatment 
process. Argo and Culp [441 reported on a similar study. The 
results show that appreciable amounts of heavy metals may be 
contributed by domestic wastes, even more by combined domes
tic and industrial wastes, that activated sludge treatment removes 
less than 50% of these metals, and that these metals are concen
trated in the sludge. 

Table 2.14 

Range of Trace Elements Found in Sewage SludS. 
in Relation to Treatment Process· (jJ.gJg) 

Undigeated Secondary Vacuum 
Element Liquid Sludge Dlgestor Sludge Filt.r Cake 

er 66-7800 22-9600 28-10,600 

Cu 200-1740 260-10,400 84-2600 

Ni 44-740 14-1440 12-2800 

Zn 900-8400 1120·16,400 480-9400 

"from Blakeslee [43 I. 

Runoff From Highway and Street Surfaces 

In addition to the metals occurring in sewage, runoff from 
streets and highways can introduce significant quantities of metals 
into receiving waters. The amount of material and metal compo
sition available for runoff will depend upon the street cleaning 
practices of the city or town and the activities on the street or 
the lands adjoining the street. Average concentrations of trace 
metals in surface runoff in New York City were shown as part 
of Table 2.12. Similar measurements made of the particulates 
washed from paved surfaces during artificial rainfall and expressed 
both in concentrations as well as amount per length of curb are 
summarized in Table 2.15. Table 2.16 compares metal-loading 
from road surface runoff to normal sanitary sewage for a typical 
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Table 2.15 

Metal Concentrations in Particulates in Runoff from Paved Surfaces· 
Cill. Street Rural Road Highway Airport 

Ib/curb Ib/curb , Ib/curb 
Metal mg/kg mi 'mg/kg mi mg/kg ml mg/kg 

Cr 209 0.23 215 0.34 185 1.20 125 

Mn 440 0.47 860 1.35 370 2.39 310 

Fe 24,000 24.4 23,000 36 21,000 136 "21,000 

Ni 34 0.Q4 105 0.16 lOS 0.68 85 

Cu 120 0.13 39 0.06 40 0.26 18 

Zn 400 0.41 70 0.11 190 1.24 75 

·from Pitt and Amy [45 J 
'. 

city of 100,000 people during a one-hour rainfall of 0.1 inches 
of rain. The use of road salt and sand on streets and highways 
during the winter months in northern regions will also introduce 
additional metals in the runoff during periods of melting. 

Table 2.16 

Comparison of Metal Loadings in Road Runoff with Sanitary Sewage· 

Road Runoff Sanitary Sewage Ratio 
Metal Iba/hr Ibs/h, Runoff/Sewage 

Cr 80 12 6.7 

Mn 160 9.7 15 

Fe 

Ni 

a.i 

Zn 

7900 

10 

36 

140 

·from Pitt and Amy [45J 

54 

0.042 

0.17 

0.84 

150 

240 

210 

170 
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Mining and Mine Drainage 

Another wastewater problem is the discharge of acid from 
active or abandoned mines, particularly coal mines [46 J. Where 
coal is mined, the associated mineral, pyrite, containing iron and 
sulfur, is exposed to water and air. This pyrite breaks down to 
form sulfuric acid and acid-producing compounds of iron. 
Through pumping or by natural drainage the acid wastes flow 
into nearby streams. Unable to neutralize these acid wastes com
pletely, many streams become unfit for use by man and can no 
longer support fish life. Both the Allegheny and the Monongahela 
Rivers are examples of acid streams. 

The Allegheny River begins in north central Pennsylvania, 
flows into New York, reenters Pennsylvania, and meanders south
ward to Pittsburgh. In addition to the acid mine drainage, 
oilfield brines and mill wastes also are discharged to the head
waters of the Allegheny. 

The headwaters of the Monongahela River are in northern 
West Virginia, from whence the river flow north to Pittsburgh. 
Here the Monongahela and Allegheny converge to form the Ohio 
River. It has been estimated that the Monongahela empties the 
equivalent of 180,000 metric tons of sulfuric acid each year into 
the Ohio. However, by the time the Ohio has passed the mouth 
of the Muskingum River, 170 miles (282 krn) downstream, the 
acid load has been neutralized completely. Sulfuric acid, pH, 
iron, manganese, and sometimes aluminum are the parameters 
traditionally used for assessing the concentration of the mine 
drainage as well as its effect on a receiving stream. However, 
zinc, manganese, copper, nickel and cobalt are also frequently 
present [46]. 

Streams receiving acid mine drainage directly are referred to 
as primary streams. Two examples would be the Kiskiminitas 
River and the Y oughiogheny River. Trace element concentra
tions in these two streams are given in Table 2.17. 

The Kiskiminitas and the Y oughiogheny flow into the 
Allegheny and the Monongahela Rivers, respectively. The latter 
are secondary receiving streams. Table 2.18 lists trace element 
concentrations found in the Allegheny and the Monongahela 
Rivers at Pittsbllrgh, Pennsylvania, before the two rivers converge 
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Table 2.17 

Trace Element Concentrations in Two Rivers 
Receiving Acid Mine Drainage (mg/l). 

Kiski'1iJinita~ River at A'polio, Po. 

Period Zn Fe Mn Cu Nt Co Cr V 

4/29-5/28/65 430 >1,500 > 1,500 100 55 23 < 5 <20 
5/29-6/28/65 265 >1,000 > 500 23 55 22 < 3 < 10 
6/29-7/28/65 380 >1,000 >1,000 17 115 48 < 5 <20 
7/29-8/28/65 170 >1,000 >1,000 13 95 40 <5<10 
8/29-9/28/65 465 >2,500 >1,250 15 138 60 < 6 <25 

Your,hiogheny River at West Newton, Pa. 

2/28-3/28/65 70 >1,000 245 10 < 10 <10 <5 <20 
3/29-4/28/65 25 >1,000 175 8 <10 <10 <5 <20 

4/29-5/28/65 50 >1,000 290 13 15 10 <5 <20 

5/29-6/28/65 25 >1,000 215 3 < 5 < 5 5 < 10 

6/29-7/28/65 20 >2,000 280 3 <10 <10 <5 <20 

7/29-8/28/65 40 >1,000 190 3 < 5 < s <3 < 10 

8/29-9/28/65 20 >1,000 225 3 <10 <10 <5 <20 

"from Kopp and Kroner [46J 

to fonn the Ohio, ' Zinc, iron, and manganese are detected with 
regular frequency; Although observed in both streams, zinc, 
manganese, and copper appear at much higher levels in the 
Monongahela: Cobalt and nickel also are detected frequently, 
The relatively high levels of zinc, iron and manganese observed 
at Pittsburgh apparently do not remain in solution for any length, 
of time, as indicated by analyses'of four samples taken at Toronto, 
Ohio, some miles downstream. Those elements 'associated with 
acid'mfue drainage occur ,in ,solution at much lower levels than 
at Pittsburgh, indicating that precipitation or absorption occurs. 

---------~-----------'---
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Table 2.18 

Trace Element Concentrations Observed at Pittsburgh, Pa." 

Monongahela River (19 samples) Allegheny River (20 ,ampl .. ) 
Frequency of Range Average I"requency 0/ Range Average 

Element Detection(%) (ppb) (ppb) Detection(%) (ppb) (ppb) 

Zinc 100 54·787 271 80 7·114 43 

Iron' 89 7·183 53 65 4·57 23 

Manganese 100 12·1,288 665 85 1·1,000 284 

Copper 95 3·157 47 30 2·5 4 

Chromium 16 3·36 15 35 1-8 4 

Nickel 89 10-86 32 40 8·57 30 

Cobalt 47 7·34 14 20 3·12 7 

Vanadium 5 43 10 2·11 7 

"from Kopp and Kroner [46] 3 

Land Clearing 

Land clearing is primarily related to the lumbering industry 
and the construction industry; however, the clearing of land for 
agricultural purposes must also be considered in this category. In 
general the effect here is a secondary one. Whereas wastes from 
the lumbering industry may contribute heavy metals to the 
aquatic environment as described under the next section on in
dustrial wastes, the prime cause for concern is the increase in 
erosion caused by the clearing of the land without proper reseeding 
of the formerly forested areas. In a similar manner, cleared land, 
particularly during the construction period, can be subject to ex· 
treme erosion. This erosion increases the potential for carrying 
of the heavy metals to the aquatic environment. No specific 
measurements could be found of the concentrations of heavy 
metals that could be contributed to the aquatic environment 
because of land clearing. Obviously, a great variation can occur 
due to the concentration of the trace metals in the land being 
cleared. 

---------------------------1--
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Industrial Discharges 

Representative concentrations of the various metals in the 
effluents from industries are difficult to provide, since they will 
vary with the type of industry and with specific operations 
within that industry. Depending upon the processing operation, 
the same product may result in different amounts of trace metals 
being contributed to the aquatic environment. In addition, the 
amounts of water used will vary the concentration of the trace 
metals in the wastewaters. Frequently, where water conservation 
is practiced in an industry, the concentrations of the heary metals 
are actually greater in the effluent. On the other hand, processes 
have been developed in which there is minimum of contact of 
water with the materials containing the metals. In these cases, 
the contribution of the metals to the aquatic environment is 
lessened. Furthermore, various treatment processes have been 
devised to treat the industrial wastes to remove the polluting 
material in general and the heary metals in particular cases. 

Very few measurements have been made for the specific 
effect of industrial discharges i'lto a stream from the 'standpoint 
of the trace metals involved. However, some data were accumu
lated by Kopp and Kroner [46). Table 2.19 ,lists summaries of 
trace element data on the Maumee, the Cuyahoga, and the .St. 
Mary's Rivers in Ohio. The Maumee River trl\vels through ap 
industrial complex from' which wastes from metal-working, 
petro-chemicals, and extensive agricultural op~rations are added 
before it reaches Toledo, Ohio, and flows into Lake Erie. The 
Cuyahoga, a similar example of a stream receiving much indus
trial waste, travels from Akron to Cleveland, Ohio, past a 
complex of automotive, paper, and meatpacking industries. 
The St. Mary's River, which connects Lake Superior and Lake 
Huron, receives little industrial waste and can be considered a 
clean stream. Trace elements were observed more frequently in 
the St. Mary's River but the concentrations were much lower. 

Trace elements were measured in the Delaware River at 
Martins Creek, Pa., Trenton, N.J., and Philadelphia, Pa. All 
three stations were combined to show the results indicated in 
Table 2.20. Measurable concentrations of zinc and copper were 
observed in essentially all of the samples. Iron and manganese 
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Table 2.19 

Trace Element Concentrations in Rivers Receiving Industrial Discharges· 

Maumee River at Toledo, Ohio (16 lampl .. ) 

Zn Fe Mn Cu Cr NI 

No. of positive values 13 12 10 13 5 6 
Frequency of detection (%) 61 75 63 81 31 38 

Minimum value (ppb) 10 9 1.6 5 6 9 
Maximum value (ppb) 96 56 16 39 15 58 
Mean of positive (ppb) 30 24 6.4 10 11 2S 

Cobalt· all negative, <17 ppb; Vanadium - all negative, <34 ppb 
Beryllium - one positive, 0.19 ppb; Cadmium - one positive, 9 ppb 

Cuyahoga River at Cleveland, Ohio (16 .amplll) 

Zn Fe Mn Cu Cr Nt 

No. of positive values 16 11 14 5 3 II 
Frequency of detection (%) 100 69 88 31 19 69 
Minimum value (ppb) 54 6 4.5 6 8 IS 
Maximum value (ppb) .1,183 312 900 14 IS 120 
Mean of positive (ppb) 423 59 285 9 11 70 

Silver - all negative, <4.5 ppb; Vanadium - all negative, <60 ppb 
Cobalt - one positive, 20 ppb; Beryllium - two positive, 0.16 ppb 

St. Mary', River at Sault Sainte Marie, Michigan (15 samples) 

No. of positive values 
Frequency of detection (%) 
Minimum value (ppb) 
Maximum value (ppb) 
Mean of poaitive (ppb) 

Zn Fe Mn Cu Cr NI 

IS 12 9 
100 80 60 

2 I 0.3 
406 168 4.0 

46 24 1.8 

15 
100 

2 
28 

6 

3 
20 

I 
7 
3 

3 
20 

2 
24 
11 

Silver - all negative, <4 ppb; Vanadium - all negative, <7 ppb 
Beryllium - all negative, <O.OS ppb; Cadmium - all negative, <10 ppb 
Cobalt - one positive, 2 ppb 

'from Kopp and Kroper [46] 
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Table 2.20 

Trace Elements in the Delaware River (57 samples at 3 stations)" 

Frequency Minimum Maximum Average 
Element (%) (ppb) (ppb) (ppb) 

Zinc 99 3 178 36 
Iron 84 I 195 21 
Manganese 67 0.3 6.3 1.7 
Copper 100 2 47 13 
Chromium 23 2 29 7 
Nickol 42 49 8 
Cobalt 2 AU < 9 
Vanadium 4 All <14 

"from Kopp and Kroner [46 1 

also occurred with regularity. In general, the Delaware River 
may be considered a rather highly industrialized river, and the 
trace metals represent, for the most part, the contributions from 
industrial discharges. 

FORMS AND REACTIONS OF 
METALS IN AQUATIC SYSTEMS 

Metals in natural waters may be suspended, colloidal or 
soluble. In general, suspended particles are considered to be 
those greater than 100 mil in size, soluble are those less than 
1 IIIj.I with colloidal particles falling in the intermediate range. 
The suspended and colloidal particles may consist of individual 
or mixed metals in the form of their hydroxides, oxides, sili
cates, sulfides or as other compounds, or they may consist of 
clay, silica, or organic matter to which metals are bound by 
adsorption, ion exchange or complexation. The soluble metals 
may be ions, simple or complex, or un-ionized organometallic 
chelates or complexes. Due to physical, chemical and biological 
reactions within the water, there may be dynamic interactions 
among the various particle sizes and chemical forms. Standard 
analytical techniques may not be able to detect the metals in all 
their particle sizes and combined fonns, thus providing less than 



104 Aqueous-Environmental Chemistry of Metals 

meaningful results. Consideration of the analytical techniques 
employed must be made in interpreting the results obtained. 

There are several types of potential interactions' that can 
take place between incoming metals and the water bodies they 
enter that will affect the concentration and distribution of the 
metals in the water. For example, the pH and Eh of the receiving 
water can control solubilization or agglomeration and, therefore 
subsequent sedimentation of the metal species. The pH also 
affects the bonding of metals to insoluble carriers since hydrogen 
Ions can influence adsorption and ion exchange by competing for 
active sites, modifying the sites or changing the degree of protol
ysls of the sorbing material. Morgan and Stumm (47) for 
example, showed that the sorption of Mn2+ on freshly precipi
tated Mn02 was greatly influenced by pH due to changes in the 
sorption sites. Hydrous oxides and coprecipitated hydrous oxides 
and clay minerals, generally exhibit strong cation exchange proper
ties in alkaline solutions, strongly binding many hdyrolyzable 
metals to their surfaces. AB the pH decreases. the surface charges 
and attractive forces become diminished, until finally in acid 
environments most materials become anion exchangers and will 
no longer hold positively ,charged metals, but will bond vanadates, 
chromates and similar complex metallons with a negative 
charge (48). 

The precipitation of a substance such as calcium carbonate 
through an increase in pH can remove metals like Zn and Cu 
through adsorption and copreclpitation. A change in the pH of 
a natural water can change the degree of complexation of a metal 
in solution since many complexing agents are also weak acids or 
bases. Usually an optimum pH or pH range exists for the 
stability of a given metal chelate Dr complex. In many cases 
the favored metal will displace .other metals from the organic 
moiety and will be solubilized or insolubilized by the chelate 
Dr complex formation. 

The' oxidation-reduction potential. Eh, exerts a similar 
effect on certain transition metals and often supplements the 
effect of II: pH change. Iron and manganese are the most re
sponsive to Eh changes. Lower redox potentials favor the Fe2+ 
and Mn2+ valence states that are much more soluble than the 
oxidized states. Since Mn is more easily reducible than Fe, a 
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significant amount of Mn2+ ion can accumulate in water having 
a slightly higher redox potential than that in which Fe2+ will be 
stable. Consequently, as redox potentials change in natural 
waters, there may be disproportionate changes in the concentra
tion of Mn as compared to Fe. Vanadium, on the other hand, 
becomes more insoluble in the V(lII) state as compared to the 
V(V), particularly at low pH. The higher, oxidized state is 
soluble over a wide pH range. Redox potential, like pH, will 
also affect the stability of certain transition metal chelates. 

Further types of reactions are the formation of metal car
bonates or sulfides having limited solubility. In some cases, 
complex ions may also result from these reactions leading to 
highly soluble forms of the metal. For example, at 75°C and 
20 atm pressure (in H2S saturated water), the solubility of ZnS 
is reported to be a million times higher than its solubility product 
would predict [5). Hutchinson (49) attributes the increase in 
hypolimnetic copper to the diffusion into the water of metallo
organic compounds such as copper sulfide-amino complexes 
formed in the lake sediments. On the other hand, the addition 
of high concentrations of soluble copper to high carbonate waters, 
such as those resulting from copper sulfate treatment or the dis
charge of acid mine wastes, leads.to rapid condensation and sedi
mentation of copper carbonate and subsequent low levels of 
copper in the overlying waters. 

Other inorganic ions present in natural waters may also in
crease the solubilization of certain transition metals. For example, 
as chiorosity is increased, a greater proportion of manganese be
comes dissolved rather than suspended. Lentsch, et al. [50) 
attributes the slight increase in total manganese with increasing 
chiorosity in part to leaching from the suspended material and, 
more importantly, to the leaching of manganese from the sedi
ments. A similar effect has been noted when the runoff from 
salted roads enters fresh water streams and lakes. Kharkar, et al. 
(51) noted a similar increase in dissolved cobalt at the junction 
of fresh and saline waters. Chromium, however, did not show 
this pattern. Complexing and chelating reactions may include 
both inorganic and organic complex ion formation. Chau, et aI. 
[52) concluded from ultrafiltration studies that most of the metal 
complexing compounds in lake water fall into an arbitrary 
molecular weight range of 1,000 to 10,000. 
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Two important metal complexing agents found in natural 
waters are humic and fulvic acids. These form stable metal 
humates and fulvates that are soluble in fresh waters. The stability 
of the complex will vary with the pH of the water. Bondarenko 
[53), for example, reports that Cu fulvates are more stable at 
moderately low pH in fresh water while humates are more stable 
at neutral and slightly alkaline pH. In sea water the presence of 
divalent cations causes precipitation of the metal fulvates and 
humates along with some inorganic phases. 

Physical-chemical reactions involving adsorption and ion
exchange play important roles in binding metals to insoluble 
particles. These reactions are particularly important in flowing 
waters where significant amounts of clay and soil particles are 
entrained in the water. Kharkar, et al. [5 I) report rmding large 
fractions of the cobalt sorbed on the clay particles in several 
rivers. 

Another group of interactions of metals and receiving waters 
can be classed as biochemical, or reactions involving living organ
isms. Much of the dissolved and filterable organlc matter that 
reacts with metals arises from aquatic organisms. For example, 
Lee and Hoadley [54] found that the concentration of dissolved 
organic carbon in Lake Mendota, Wisconsin, is about 10 mg/I, 
and the organic carbon in filterable particles is about 2 mg/I, 
mainly derived from excretory and degradation products of 
piants and· animals. The biochemical processes of living organisms 
are also responsible for many of the changes in pH and Eh, which 
in turn affect metal concentrations. In addition to these indirect 
effects, living organismS playa direct role in controlling concen
trations and distributions of metals in water bodies. 

Almost aU aquatic organisms concentrate some, if not aU, 
of the transition metals in their tissues or skeletons. The concen
tration factors vary with the different metals and types of organ
isms as well as with the aqueous environment in which the 
assimilation is taking place. Table 2.21 lists some typical metal 
concentration factors shown by various fresh water and marine 
organisms. Martin (61) has summarized various mechanisms by 
which aquatic organisms assimilate metals as: (1) particulate 
ingestion of matter containing metals suspended in the water, 
(2) ingestion of food, (3) solubilization and assimilation through 

---------------------~---------r-i 
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Table 2.21 

Typical Metal Concentration Factors of Selected Aquatic Organisms· 

Meial Phytoplanktona Zooplankton a Macrophytesb Mol/wksc 
Mqrine Qr;gqnirm r 

Macrophytese Mollu.k} Fishe 
fum Water Qrganisms 

Ti 2,700 

Ct 7,800 

Mn 3,800 3,900 

Fe 28,300 114,600 

Ni 570 

Co 
Cu 2,800 

Zn 5,500 

.-J.tg metal/g organic 

pg metal/gram H,O 

"Martin and Knauer [55) 

bHagerhiill [56) 

cPringle, et al. [57) 

dGoldberg [58) 

eMerlini, et al. [59) 

560 

1,800 

8,800 

fMathis and Cummings [60) 

2,880 

1,050 

2,890 

7,000 

21,800 267 10 

2,300 373 1,450 23 

14,400 3,642 190 

4,000 235 650 85 

50 1,367 300 90 

3,800 127 158 1,500 60 

27,300 533 318 2,258 228 
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secretion of biological chelating or complexing agents, (4) incor
poration into physiological systems, and (5) ion exchange and 
sorption on tissue and membrane surfaces. 

The assimilation of metals by aquatic organisms will 
generally act to reduce their concentration in the waters sur
rounding the organisms and will increase the concentrations of 
the metals in the sediments that ultimately receive the biological . 
material in which the metals have been concentrated. The assimi
lation of metals by aquatic organisms will also often result in 
higher metals concentrations at depths where organisms are more 
abundant or in the deeper waters of the water body, resulting 
from microbial breakdown of .the biological material as it settles 
through the water column or from adsorption of settling material. 
Martin [61), for example, has found higher average values of ,Cu, 
Fe, Mn, Ni, and Zn in zooplankton samples from the deep 
oceanic waters and has concluded that more of these element!> 
are associated with copepod exoskeletons as they settle to the 
sediments, due to adsorption processes. The secretion of 
chelating agents by some organisms can act to increase, rather 
than decrease as is most often the case, the concentration of 
soluble metals in the immediate vicinity of the organism. How
ever, this process is usually highly localized. 

DISTRIBUTION IN TYPICAL NATURAL WATERS 

There is such a great variability in sources of metals available 
and entering a particular water and in the chemistry and/or biology 
of the water body that meaningful generalizations of metal con
centrations in various types of natural waters, such as oligotrophic, 
lakes and polluted rivers, are not possible. However, it is inter
esting to observe the concentrations and distribution of metals in 
a few typical natural waters to gain an appreciation of their 
occurrence and variability. Three types of natural waters will be 
considered, but it must be remembered that each blends into 
another with no true point of distinction since distinct "types" 
do not exist in nature. Discussed below are oligotrophic
mesotrophic mountain lakes with bedrock basins, mesotrophic
eutrophiC lakes with glacial/fluvial till or limestone basins, and 
streams and rivers in bo:n of the above basins. 
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OUgotrophic-Mesotrophic Lakes 

These lakes are characterized by granitic and sedimentary 
glacial-scoured or volcanic rock basins, thin soil layers in the 
drainage basin with coniferous or mixed coniferous-deciduous 
forests, soft water with small amounts of humic substances, and 
only minor anthropogenic influence. Examples would be the 
precambrian .shield lakes of Canada, Lake Superior, Lake Tahoe, 
Crater Lake, and similar mountain lakes. 

Lake George, New York, a glacial lake located at the eastern 
edge of the Adirondack MountainS, is representative of this type 
of lake. It lies in a glacial-scoured basin of precambrian meta
morphic, plutonic and igneous rock with small patches of 
Cambrian deposits mainly at the southern end of tlie' basin. 
Morainic deposits occur in many places around the lake and in 
the drainage basin. A shallow soil cover formed from glacial 
debris covers most of the drainage basin, with nUmerous rock 
outcrops occurring: Most of the watershed is covered by decid
uous forest with numerous conifers also present. White pine, 
hemlock, hard maple, beech and yellow birch are the dominant 
tree species. Precipitation is the major water input to Lake 
George, with an annual precipitation of about 93 cm (37 in). 
About 0.1 km3 of water falls directly on the lake each year, and 
0.2 km3 enters through many small streams. The drainage basin 

i of the lake has an area of 606 km2 with 19% of this area (114 
km2) covered by the lake. 

I The lake is long, slightly winding and oriented in a north-
, northeasterly direction with the outlet at the northern end. The 
: lake was formed by the glacial scouring and damming of two 
: preglacial river channels, giving rise to a north lake and a south 
: lake separated by a relatively shallow island-studded midportioll 
I called the ~'Narrows/'The south lake has been further divided 
I into two basins, south and central, on the basis of morphometric 
i and circulation characteristics [62,63); each contains one very 
! deep portion and several shallower subsidiary areas. The deep . 
I south basin, also called the Caldwell basin, is: exposed to much 
I greater. anthropogenic influence in the form of motor boating, 
: manna. operation, and seeplrge from sewage treatment plants and 
: septic tank effluents than is the north lake. 

--------~---------------------------------------~-----r-
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Periodic measurements of iron, manganese, copper and zinc, 
along with other chemical parameters, were made of the lake 
water as well as of the precipitation falling on the lake and in the 
influent streams during 1970-71 [30). Table 2.22 lists the mean 
seasonal dissolved concentrations of these four metals in the north 

Table 2.22 

Mean Seasonal Concentrations of Fe, Mn, Cu and Zn 
in the North and South Lakes of Lake George 

Season 
Depth 
(m) 

South Lake (/)gIl) 
Fe Mn Cu Zn 

Norrh Lake (/)gIl) 
F. Mn Cu in 

Winter 3 27.2 
(Jan. I-Mar. 31) 9 42.1 

15 30.6 

Spring 3 25.1 
(Apr. I-June 21) 9 17.3 

15 16.9 

Summer 3 29.0 
(June 21-Sept. 21) 9 23.5 

IS 28.8 

Fall 3 46.1 
(Sept. 21-Dec. 7) 9 39.9 

15 30.3 

2.0 5.2 43.4 35.2 
2.1 3.5 49.3 34.8 
1.6 3.7 44.4 50.7 

3.2 3.9 32.7 41.5 
2.S 4.2 28.0 26.2 
4.0 3.8 30.4 3S.4 

2.6 3.4 46.4 29.8 
2.2 3.1 31.8 23.8 
4.1 2.9 34.2 23.6 

1.8 3.1 25.1 13.8 
1. 7 2.5 23.3 20.5 
2.5 2.6 43.S 14.S 

1.9 
1.3 
2.3 

2.9 
2.S 
3.2 

2.0 
3.3 
1.9 

1.4 
1.2 
1.1 

2.7 51.1 
2.0 79.6 
2.2 76.6 

2.6 33.S 
3.5 53.2 
3.2 38.6 

3.0 74.9 
3.2 40.4 
2.9 23.9 

1.6 71.1 
1.7 88.3 
2.0 74.S 

and south lakes of Lake George at three depths. Table 2.23 lists 
the seasonal concentrations of these elements entering the lake 
in the precipitation and streams. The amount of Iron. manganese 
and zinc in the suspended material in the lake (filter residue) was 
too low to be measured « 5 I-IS/I for Fe and < 0.25 I-Ig/l for Mn 
and Zn). Copper was occasionally as high as 1 I-Ig/1 in the sus
pended material but most of the time was less than 0.25 I-Ig/I. 
The levels of dissolved iron, manganese and copper in the lake are 
consistently lower than the concentrations in the entering streams 
and precipitation, indicating that these elements are being lost to 
the sediments. 

r-
I 
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Table 2.23 

Mean Concentrations of Fe, Mo, eu and ~n in Lake George 
Influent Streams and Precipitation 

Streams (}Jg/II Precipitation (1Jg/11 
Fe Mn Cu Zn Fe Mn Cu 

Winter 48.8 7.1 3.6 27.7 43.1 3.8 6.4 

Spring 38.5 2.1 3.9 8.9 75.0 8.1 11.2 

Summer 39.7 7.5 3.7 7.3 45.1 3.2 7.6 

Fall 42.S 7.2 6.8 10.0 36.0 7.S 21.4 

Snowpack 6.2 5.6 23.8 on lak. 

Zn 
31.3 

48.5 

32.1 

84.9 

23.0 

The lakes' of northeastern Minnesota are very similar to Lake 
George in that they lie in precambrian bedrock, have only a thin 
soil cover and are surrounded by mixed coniferous-deciduous 
forests. Most of them have less anthropogenic influence than Lake 
George. Bright [641 studied these lakes intensively. He reports 
mean dissolved metal concentrations in these lakes of 94.0 p.g/I 
Fe, 16.8 p.g/I Mn, 6.2 p.g/I Cu and 11.6 p.g/I Zn. The iron and 
manganese are considerably higher than found in Lake George 
and can be attributed to the higher levels of humic and tannic 
acids in the Minnesota lakes and the lower alkalinities as well as 
the larger accumulations of iron and manganese oxides in the 
Minnesota glacial deposits. The copper is slightly higher and the 
zinc lower than that found in Lake George. 

Bradford, et al. (65) determined tlle concentrations of several 
metals in 170 lakes in the California High Sierras. The results 
demonstrate the great natural variability that can be encountered 
in different lakes of the same general type. Some of these lakes 
were evidently fed from geothermal sources of varying composi
tion since they contained unusually high concentrations of certain 
metals such as molybdenum, vanadium and boron. The median 
concentrations of Fe, Mn, Cu and Zn are much lower in the 
Sierra lakes than in the Minnesota lakes or Lake Geor~e. The 
range measured by Bradford and associaks encompasses the 
concentrations measured in Lake George. 

I 
; I 
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Hagen and Langeland (66) report dissolved concentrations 
of 90 /Jg/l Fe, IS /Jg/l Zn, and 10 j.lg/I Cu and a pH of 6.2 in 
Lake FI,-vatn, an oligotrophic precambrian bedrock lake in 
southern Norway. This lake wils receiving a larger input of 
metals and acid in the precipitation than Lake George. For 
example, the snow section taken from the snow pack on the 
Norwegian lakes contained average concentrations of 25 j.lg/l Fe, 
lO j.lg/l Mn, 10 /lg/l Cu and 30 /lg/I Zn. The copper concentra
tion is significan tty higher in the Lake George snow than in the 
Norwegian snow. Measurements made of local grey zones in the 
Norwegian snow, indicative of high short-duration fallout, gave 
values of 15 and 20 /lg/l copper, which are comparable to the 
Lake George snow, 35 /lgil Mn, 80-ISO /lg/I Fe and S5 /lg/I of 
zinc. Lake Qvre Lomtj<,irn, also in Norway, would be classified 
as dysoligotrophic since it contains considerably more humic 
substances than a typical oligotrophic lake. TIlls is the principal 
reason for the high iron observed in the lake, particularly in the 
deeper waters (66). 

The effect of humic substances can be seen in the dysoJigo
trophic lakes of central Finland. These lands· lie. in precambrian 
granitic bedrock but are surrounded by numerous peat bogs and 
glacial drift containing more basic rocks such as amphibolites and 
gabbroes. Salo and Voipio [67] report mean concentrations of 
500 pg/l Fe, 44 /lgil Mn, 33 /lg/I Cu, and 76 /lgil Zn in Lake 
Kuolinjoki and surrounding streams. This lake has a catchment 
area of 9S km2, of which the lake surface makes up to 10.4%. 
The pH of the lake averages 6.S. 

The dissolved iron concentration of 40 Canadian Shield 
lakes, which lie in precambrian granitic basins with thin soil 
covers and coniferous or mixed coniferous-deciduous forests, 
ranged between 10 and 100 /lg/l with a median concentration 
of 50 /lg/l [68]. The pH range was 5.4-7.5. The concentration 
of iron in other soft water oligotrophic lakes is shown in Table 
2.24. The iron content of Lake Superior shown in the table 
is very high (360 /lg/l). If not due to nonrepresentative samples, 
it is felt this can be attributed to the large iron deposits adjoin
ing the lake. Weiler and Chawla [70] report a mean concentra
tion of 12 /lg/l of copper in Lake Superior, with a range in con
centration of 4-230 /lsi!. They also report a mean concentration 
of 27 Mg/l of zinc in the lake with a range of 9-80 /lg/I. 

-----------------------------------------,--' 
I 
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Table 2.24 

Iron Concentration in Oligotrophic Lakes. 

Total Fe TDS Conduc. No. 
Lake and ReGion (mgll) pH (mgll) IJmholcm Lakes 

Canadian Shield· 
Wollaston L., 8ask. 0.005 7.0-7.3 35 35 
Large lakes, NWT 1).0\ 10 20 7 
NE Wisconsin 0.04 37 8-530 
Cree L., Sask. nil 6.8-7.0 ·27 I 
Eagle L., Onto 0.01 7.3 68 I 
Lac Seul (at Ear Fall,) 0.04 7.6 64 79 I 
Kam L., NWT 0.07 125 
L. Nipigon 0.10 7.8 108 149 
L. Nipissing 7.4 59 76 

Partial Shield Drainage 
FUn Flon area, Man. 0.01 185 242 16 
Gt. Bear L., NWT 0.13 7.8 ISS 1 
1.. of the Woods O.IS 7.8 100 III 
L. Superior 0.36 7.4 82 79 
Sa,k. & Churchill drainage 0.024 8.1-8.2 136 5 large 

Other Dilute Lake Districts 
Adirondack Mts., N.Y. 0.14 5.6 29 9 
Chandler L., Alaska 0.04 47 
Ikrowik L., Alaska jD-0I 36 

O.OS 8S 
L. Haruna, Japan om 75 
L. Yamanaka, 1apan O.OS 74.3 
L. Chujel\ii, Japan 0.08 100 

·Crom Armstrona and Schlinder [68], and Livingston [69]. 

In summary, there is a relatively large variation in the metal 
concentrations in oligotrophic mountain lakes, depending upon 
the available sources and the amollnt of c~'mplex-forming humic 
SUbstances. Because of the small cunOUlllS f)f seston;~ material 
in many of these lakes, most of the metals presAnt a,e in soluble 
or colloidal form rather th1n suspended. Si:lcc the waters are 

I 
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usually well oxygenated and of low productivity, there is little 
variation in metal concentration with depth as compared with 
mesotrophic and eutrophic lakes_ 

Mesotrophic-Eutrophic Lakes 

The lakes in this grouping are characterized hy glacial or 
fluvial till, clay or soil basins with some rock outcroppings, 
deciduous forest or cleared areas, prairies or plains adjoining 
the lake, medium to hard water with;;' 200 mg/I dissolved solids, 
and significant anthropogenic influence. Some examples are . 
Lake Erie, Lake Ontario and the southern part of Lake Michigan 
of the Great Lakes, the Finger Lakes of New York, southern Lake 
Champlain, N.Y., Linsley Pond, Conn., Lake Mendota, Wis. and 
most of the lakes of the central and southern part of the United 
States. 

Saratoga Lake, N.Y., lying approximately 20 miles south of 
Lake George, but in glacial and t1uvial deposits overlying paleo
zoic rock strata, is typical of this type of lake. Saratoga Lake 
receives a relatively large amount of nutrient input and associated 
metals from nearby towns and lakeside cottages. The average 
hardness of the lake is 83 tng/l as CaC03, and the pH ranges 
from a minimum of 7:4 in the surface waters in the winter to a 
maximum of 8:7 in October in these same surface waters. Table 
2.25 lists the average concentrations of Fe, Mn, Cu, Zn and 
hardness during the variOliS seasons for Saratoga Lake epilimnetic 
and hypolimnetic waters. During the summer and fall, the main 
stream entering the lake, the Kayaderosseras, has a hardness of 
96 mg/I as CaCO,; the average soluble iron is less than 0.7 p.g/I, 
manganese is 14.4 p.g/l, copper is 1.5 118/1, and zinc is less than 
0.5 p.g/1. 

The table shows that there is a striking increase in hypo-
lim netic concentrations of suspended Fe and Mn in the fall. 
These samples were taken in October before the lake' became 
isothenna!. The buildup in hypo lim netic iron and manganese 
in the summer and fall is typical of lakes of this type, although 
the increases are usually seen in both the suspended and dissolved 
fractions. When 11 2S is generated in the sediments in the summer 
and fall, slich as occurs in Saratoga Lake, the solubility of the 

_______ --'-__________________ T~ __ ·· 
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Table 2.25 

Mean Metal Concentrations and Hardness Found.in Saratoga Lake 

h!tat.ct s'rzrtag Summer Fall .. 
IDllfj!:!lUion 

Fe (pg/ll 
Dissolved 28.4 12.5 23.7 34.0 
Particulate 34.2 14.2 28.2 35 

Mn (Ps/l) 
Dissolved 4.5 2.9 3.4 4.9' 
Particulate 9.1 1.8 2.2 5.6 

Cu (/ll!il) 
Dissolved 10.8 2.9 2.2 3.5 
Particulate 0.57 2.9 2.1 1.8 

Zn (Psfl) 
Dissolved 29.6 <0.4 <0.8 <0.8 

Particulate 0.57 15.0 <0.5 3.5 

Hardness 
(mg/l as CaCO, ) 84 82. 82 86 

liJ!.l2.olimnion 

Fe (1).8/1) 

Dissolved 22.4 11.6 15.1 . 36.0 
Particulate 20 15.6 39.1 148 

Mn (/lS/I) 

Dissolved 2.0 1.8 2.8 4.8 
Particulate 8.5 2.2 11.7 71i 

Cu (/lsfl) 

Dissolved 7.0 3.5 3.7 2.6 
Particulate i.S 2.8 0.4 0.4. 

Zn <Ill!il) 
Dissolved 11.5 <0.4 <0.4 <0.8 
Particulate O.S 10.6 <0.4 0.4 

Hardness 
(mg/l as CaCO,) 80 80 77 72 
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iron and manganese is greatly reduced at alkaline pH, and 
large increases are seen only in the particulate or total 
fraction. This same sort of behavior has been observed in 
Linsley Pond with iron and manganese, with hydrogen sulfide 
forming )n the sediment [49]. 

In Saratoga Lake, the highest levels of particulate zinc 
occurred in the spring and the highest levels of dissolved zinc 
occurred in the winter throughout the water column. The dis
solved zinc became undetectable throughout the lake from the 
spring on. The particulate zinc, after becoming non detectable 
in the summer, reached measurable levels in the fall before iso
thermal conditions and also showed a decrease in depth. The 
copper concentrations and seasonal changes in Saratoga Lake 
are similar to those reported by Kimball (71) on Knight's Pond 
and Riley (72J on three dimictic ponds in Connecticut. The dis
solved copper increases in late fall, reaching its highest levels 
during late fall and winter, then decreases throughout the late 
winter and spring, reaching the lowest values in the summer and 
early fall. 

Par Pond in South Carolina illustrates the behavior of metals 
when sulfides are not formed. Par Pond, which could be classed 
as mesotrophic, is generally similar to southern deciduous forest 
and prairie lakes except that the concentrations of dissolved 
solids are extremely low and more typical of granitic basin 
mountain lakes. The lake has a much higher level of seston than 
a typical low solids mountain lake and in this parameter is simi
lar to other mesotrophic-eutrophic lakes. 

Marshall and LeRoy (73] found an increase in both dissolved 
and sestonic iron in the hypolimnion at the end of the summer. 
The dissolved manganese also increased in the hypolimnion but 
the particulate manganese was lower in the hYPOlimnion at the 
end of the summer than earlier in the year. The soluble manganese 
reached a maximum concentration of 2400 !lg/I at the end of one 
summer. The dissolved zinc did not show any large change in 
concentration with depth; however it did appear to have a 
slightly higher concentration in the hypolimnion than in the 
surface waters when two year means were considered. The highest 
dissolved zinc values generally occurred during the summer, al
though during 1966 high values in the surface waters were 

1-----
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measured in the winter and spring. In Par Pond, most of the 
zinc was soluble. The particulate zinc, although low, showed 
both a seasonal and depth trend reaching its peak in the summer 
or later in the year and showing a slight decrease with depth. 
Kubota, et aI. [74] also found that the highest dissolved. zinc and 
copper concentrations occurred in June and July in Cayuga Lake, 
New York, decreasing in August. The mean and maximum con
centrations of metals reported in this mesotrophic lake were, 
respectively, 2.17 and 9.41 "gjl Zn, 0.6 and 1.57 "gjl Cu, and 
0.02 and 0.09 "gjl Co. These levels are lower than those found 
in most oligotrophic mountain lakes. 

In general, where there is no strong anthropogenic introduc
tion of metals, the surface waters of mesotrophic-eutrophic lakes 
in Iinlestone or sedimentary basins, such as Cayuga Lake, have 
lower concentrations of the transition metals and zinc than do 
Oligotrophic granitic basin lakes. Typical is Bright's [64) summary,'. 
as shown in Table 2.26, of the differences he found in the average 
dissolved concentrations of Fe, Mn, Cu and Zn in the surface. 
waters of the granitic bedrock coniferous forest lakes of northel\st 
Minnesota and the prairie and deciduous forest lakes of the other. 
parts of the state. 

Table 2.26 

Average Dissolved Iron, Manganese, Copper and Zinc Concentrations 
in Typical Minnesota Lakes' 

(p.g/II 
Fe Mn Cu Zn' 

Coniferous granitic lakes 94 16.8 6.2 11.6 

Deciduous forest lakes 14 2.0 3.6 7.3 

Prairie lakes 7.3 2.3 3.7 3.7 

°from Bright [64) 

The introduction by man of metals into these medium-to
hard water lakes can cause relatively high local concentrations of 
metals in the lake water. Chan, et al. [52] give a good description 

\ 
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of the variation in dissolved metal concentrations in Lake Ontario 
due to industrial pollution in the western and northeastern part 
of the lake. They found iron concentrations of 20 to 25 /Jg/I 
in industrial inshore portions of the lake compared with I to 8 
/JgJl in the central portion of the lake. Copper followed the iron 
with high concentrations of 10-14 /Jg/I occurring in the regions 
where high iron was found and 14 /Jg/I in the central part of the 
lake. linc was more variable than iron or copper but showed 
the highest values in the region of industrial development, i.e., 
50 /Jg/I in the western region and 20-30 /Jg/I in the eastern 
region. The zinc in most of the lake was below 5 /Jg/I. Man
ganese was generally low in the lake « I /Jg/I), which is common 
for mesotrophic-eutrophic lakes. The highest values (24 /Jg/I) 
were found in the western industrialized region offshore of 
Hamilton and Toronto. The nickel concentrations in the lake 
were generally between I and 3 /Jg/I, with the highest concentra
tion of 8.5 /Jg/I near Hamilton. Similar high local concentrations 
have been seen in Lake Erie and in certain portions of Lake 
Michigan where the high levels have also been related to industrial 
pollution. 

Streams and Rivers 

As shown by Leopold [75J, streams have their start in a 
series of parallel rills on a more or less even slope. Individual 
rills overflow and run into each other, forming a typical dendritic 
drainage pattern, ultimately leading to large streams and rivers. 
The water drained in this manner comes almost entirely from 
precipitation, either in the form of runoff on or through the 
soil or as shallow seepage. In some cases, it also comes from 
water that has percolated through the soil, from shallow seepage, 
and from water that has percolated through the earth to the 
water table, which in turn intersects and feeds the stream or 
river. As a consequence, streams will be greatly influenced by 
the rocks and soils of their drainage. The more the precipitation 
percolates through the earth before reaching the stream as com
pared to direct runoff over and through the soil, the more 
material there will be dissolved in the water and the less carried 
in suspension. 

_-----------i-



''', , 

Trace.Metals in Aqueous Environments 119 

This distribution of precipitation reaching the streams is 
greatly influenced by the amount and kind of vegetation present 
as well as the thickness of the soil and earth cover overlying the 
bedrock. In streams running through forested areas, the vegeta
tion will often have a greater effect on the amount of dissolved 
organic materials and metals in the water than in adjoining lakes 
because of the relatively small water volumes of the streams and 
their long shoreline exposed to leaf litter. Streams flowing 
through limestone regions will tend to pick up more metals from 
the rocks than would lakes situated in limestone basins because 
the stream will erode away the rock with its movement and the 
metals in the eroded rocks will enter the stream and be trans
ported. Similarly, man's discharges to the streams can produce 
higher local concentrations of both soluble and particulate total 
metals in the stream: than in a lake. 

Streams and rivers can be divided into two main categories, 
fast-moving mountain streams in granitic basins having thin soil 
cover and coniferous or mixed coniferous-deciduous forests, and 
slower-moving streams in basins with thick earth cover, with 
urban grassland or deciduous shrubs and forest cover. This latter 
type of stream is more frequently subjected to extensive 
anthropogenic influence. 

Over its 315 mile length, the Hudson River in New York 
has many regions typic31 of each of these classifications. The 
upper Hudson is a typical fast-flowing mountain stream lying in 
a precambrian bedrock extension of the Canadian Shield. The 
surrounding area is covered with only a thin soil layer supporting 
a mixed coniferous-deciduous forest. There is practically no 
habitation in this region (designated Region I in Table 2.27). 
Farther south at Luzerne and Corinth, N.Y., the river widens, 
decreases in velocity and flows through a region of glacial till 
and sedimentary rock with most of the land cleared. Small 
patches of deciduous forest may line the shore occasionally. 
Anthropogenic influence is present in the form of a few indus
trial and municipal discharges. This is designated as Region 2. 
At Troy, N.Y., a tidal dam is prJsent; below the dam, the 
Hudson is tidal with a mean tidal range of 5.5 feet. It also re
ceives a large quantity of bOtil treated and untreated industrial 
and municipal waste along with the wastes Lrought in by the 
Mohawk River. The oxygen concentration is often near zero 

___________ --------1 --
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Table 2.27 

Typical Metal Concentrations in Various Regions of the Hudson River 

&[1 
Fe Cr Mn Ni Cu Zn 

Dis. Sus. Dis Sus. Dis. Sus. Dis. Sus. Dis. Sus;- Dis. Sus. 

Hudson River 

Regie\il 1 * 89.5 82.3 0.3 2.5 2.5 3.4 2.4 2.2 3.2 L7 4.3 0.5 

Region 2* 6.2 3L2 0.6 2.S 0.3 5.0 3.4 5.0 7.1 1.2 9.3 1.2 

Region 3* 57.2 178.0 3.6 2.5 13.3 22.4 2L4 2.7 10.0 3.1 15.8 3.7 

Region 4t S8.0 6.0 2.1 LO ILO 57.0 

Streams inOuent to the Hudson 

Region 1* IS.S 6.2 0.3 2.5 L8 0.6 3.7 2.2 3.4 0.5 0.9 0.5 

Region 2* 34.2 16.7 0.3 2.5 L2 2.0 6.3 L3 3.6 0.5 0.6 0.5 

Region 3* 16.7 68.8 9.6 2.5 17.4 22.5 86.8 L9 13.6 L9 5.8 1.1 

·S. L. Williams, unpublished dala . 

. t Public Health Service (76). 
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for about 30 miles south of Troy, with colifonn counts from 
1,000 to 50,000/100 ml in this portion of the stream, which is 
designated Region 3. 

Table 2.27 lists the typical dissolved and suspended metal 
concentrations in these three regions of the Hudson along with 
other pertinent parameters. Typical concentrations are also listed 
for the river at Poughkeepsie, N.Y., about 80 miles south of Troy 
(Region 4). The stretch of the Hudson in the precambrian
coniferous region shows higher dissolved iron and manganese than 
farther downstream, where the river flows through glacial till and 
~edimentaIY rocks. Little change in the chemiclll nature of the 
water· is evident but significant dilution from incoming streams . 
has no doubt occurred. The incoming streams in Region I are 
high in manganese, probably from the forest litter because these 
measurements were made in the fall. The copper and zinc are 
higher in Region 2, probably as a result of municipal and indus
trial. discharges since the unpolluted incoming streams show low 
levels of copper and zinc. In Regions 3 and 4, where large 
municipal and industrial discharges have occurred, there is an . 
increase in hardness and alkalinity as well as in the concentrations 
of the dissolved metals. Soluble chromium is found in the river 
and influent streams in this region .. Copper and zinc are also 
much higher. 

In addition to the increase in dissolved metals in the polluted 
portions of the Hudson River, the table shows that a large increase 
in suspended iron and manganese QCcurs. This is due partly to 
the increase in pH, alkalinity and hardness of the river water, 
which causes some of the dissolved iron and manganese to preci
pitate. It is also due to the discharge of particulate matter to the 
river and the transport of suspended iron and manganese in the 
influent streams as indicated at the bottom of Table 2.27. The 
metal concentrations found in the various regions of the Hudson 
are typical of those found in similar streams and rivers. 

By way of comparison, Turekian (77) offers the following 
as worldwide average concentrations of transition metals and Zn 
in natural streams (in J,lg/l): Sc - 0.004, Mn - 7, Cu - 7, Ti - 3, 
Zn - 20, V - 0.9, Co - 0.2, Cr - I, and Ni - 0.3. Livingston 
(69) concludes that the mean concentration of Ni, eu and Zn in 
fresh waters is 10 J,lg/I for each, with concentrat!c>ns of the other 

, 
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metals varying too greatly to establish a mean concentration of 
much significance. Generally, dissolved iron is higher in soft 
water rivers whether polluted or unpolluted than in the hard 
wa ter rivers, even those receiving metal wastes. Copper appears 
to show the same trend. The Mississippi at St. Paul and the 
Monongahela at Pittsburgh are two exceptions showing higher 
copper concentrations than many of the soft water polluted 
streams. The concentrations may vary with stream flow due to 
dilution. In unpolluted rivers, the nature of the underlying rock 
or soil plays an important role in the concentrations of dissolved 
metals by providing a source and by introducing ions such as 
carbonates and bicarbonates, which in turn will affect the 
solubility of the metals. 

The Colorado River at Loma, Colorado, for example, 
contained 1.9-11.5 /Jg/l vanadium with a mean concentration 
of 4.6 /Jg/1 which is attributed to natural weathering and solu
bilization of the vanadium-rich rocks in the basin [78]. The 
concentrations of the other metals, with the possible exception 
of zinc and iron, are low. The Allegheny and Monongahela also 
contain high vanadium, 7 /Jgfl and 4.3 /Jg/I, respectively [46]. 
This, however, is due to waste discharges from steelmaking 
operations. . 

Andelman [79] reviewed some of the factors affecting the 
concentration of metals in streams. He found that flow can 
have a varying effect on the metal concentrations, with increased 
flow causing either an increase or a decrease, depending upon 
the particular river system. Andelman also discussed the work 
of Masironi (80) who found positive correlations between Co, 
Cr, V, Ni and Zn and the hardness of the river water. Andelman 
attributes this correlation to the leaching of metals from the 
limestones and other Ca-Mg minerals exposed to the water. 
Durum and Haffty (81), in comparing large North American 
rivers, found that the ratio of the mean concentrations for Ni/Cr 
and Ni/Cu varied within a relatively small range, i. e., . 1.1-2.5 for 
Ni/er and 1.4-3.1 for Ni/Cu, indicating that chemical reactions 
in the river water, commen to all of the rivers investigated, were 
controlling the relative concentf3tions of these elements. The 
lithologic environment could also be playing an important role 
in the relative availability of the metals, which in tum affected 
their concentrations. 
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SUMMARY 

The three principal sources of transition metals and zinc 
entering the aquatic environment are the rocks, soil and plant 
litter of drainage basins; the dry and wet fallout of particles in 
the atmosphere; and the industrial and municipal discharges 
associated with man's activities. The concentration of metals 
in aquatic environments will depend not only upon the nature 
of their sources but also, and more importantly, on the chemical 
and biological nature of the receiving waters. 

In waters having little or no anthropogenic influence, the 
low pH, low dissolved solids, oligotrophic mountain lakes and 
fast-flowing mountain streams generally contain higher concen
trations of metals in their surface waters than do slower-moving 
waters of higher pH and higher concentrations of dissolved 
salts. The higher concentrations in mountain waters are usually 
due to the presence of greater quantities of humic substances to 
solubilize the metals and the absence of significant quantities of 
dissolved salts to react with and precipitate metal· ions. In many 
cases, streams flowing through sedimentary regions, particularly 
limestone areas, will pick up greater. quantities of metals through 
erosion and leaching of the limestone materials than will 
streams flowing over more resistant granitic rock. 

In eutrophic and polluted waters, very high local concen- . 
trations of certain metals often occur as a result of an acid or 
strong reducing environment coupled with the introduction of 
the metals. The metals may come naturally from the sediments 
exposed to the reducing environment or from industrial or 
municipal discharges. While discharges of metals into high pH, 
high dissolved solids streams and lakes may cause high local 
concentrations of the metals, the metal concentrations soon 
decrease with distance from the polluting source due to the 
chemical and biological reactions taking place in the water. 
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