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ABSTRACT 

The inputs of industrial wastes have changed the levels and f01'l_I1S of chromium in manylakes and 

there is growing concern about the accumulation of Cr(VI), aknown carcinogen, in drinking water 
supplies. This report provides a critical review of the effects of speciafion, transformations and 

solubility on the cycling of chromium in lacustrine environments. Unique features of ¢bI0mium 
dynamics associated with the decoupling"of-redox-driven chrorniurn cycle from those of iron and 

manganese at the seditnent-water and air-water interfaces are highlight_ed. Reductive pjrecipitation 

is imp0l'l8.l_'t[.in the immobilization of pollutant chromium in sediments. Photooxidative dissolution 

of Cr'(IIl) especially at the air-water interface is identified as a key area for funherresearch. The 

available database is inadequate for establishing any linkages between the Cr and biological cycles 

in lakes. - 
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Introduction 

The aqueous geochemistry of chro'mium_shows an interesting pardadox in terms 
of the contrasting behavior and toxicities of the two principal redox species (Murray et 

al_._, 1983; Campbell and Yeats, 1984). Trivalent chromium is. a hard acid with a 

tendency to fomi strong, kinetically inert complexes involving a variety of ligands found 
in the environment. The principal aqueous Cr(HI) species are Cr3+, Cr(OH)2'*', 

Cr(OH)3°, and €r(OH)4',with Cr3+ being prevalent at pI_-I <3.6 (Elderfield, I970; Rai et 
a1., 1987). The solubility of Cr(III) in soils and natural waters _is limited by the 
formation of highly insoluble oxides, hydroxides and phosphates. _ Dissolved Cr(III) has a 

strong tendency to adsorbhto surfaces (Cranston and Murray, 1980) and like other i 

first-row transition metals, it hasa catholic affinity for 0-, N- and S-containing ligands ‘ ' 

and hence can form amultiplicity of organic complexes in natural waters (Nakayama-et 
al., 198 lb). Thus,‘ in nature, Cr(III) behaves very much like Fe(III) and may be classified 
as a scavenged element and potentially can be used asa tracerfor transport and mixing in 
lakes (Burton and Statham, 1990). Because of the tetrahedral-coordination of _Cr(VI) 

u

i 

compared to hexagonal coordination of Cr(I_II), the redox, potential for the Cr(Vl)/Cr(IH) 
couple is so high that few oxidants in natural waters are capable of" effecting the reaction. 

Inparticular, the oxidation of Cr(III) by dissolved oxygen is kinetically very ‘slow 

and Rai, 1987). " 

- 

'

. 

’ The chern'istry_ of ' Cr(VI) is radically different from that of Cr(III). Hexavalent 
chromium forms a number of stable oxyacids and anions including Cr2O72' 

(dichromate), HCrO4' (hydrochromate), and CrO42' (chromate), the last two being me 
only species of any environmental significance._ Because of its large ionicpotential and 
tetrahedral coordination, the chromate ion is both a strong acid and an oxidizing agent. i
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Hexavalent Cris not readily adsorbed to surfaces and since most of its salts are soluble, 

Cr(AVI) is very" mobile in th_e environment. In terms of its chemical behaviour, Cr(VI) can 

belclassified as a conservative element and hence tshouldhave a relatively long residence 

time in the water column and tra_n,sp0Irtable in groundwater. The high oxidizing 

potential, high solubility and ease of permeation of biological membranes combine to 
make Cr(VI) more toxic than Cr_(III)i An analogy can be drawn between the - 

environmental'chemisti'ies_of Cr(Vl), sulfur and molybdenum. The thermodynamically 

stable forms of all three in oxygenated waters are tetracoordinated oxy-anions of
' 

identical charge and nearly identical size. All ‘three are activelyacquired by plankton 

using the same anion channels. None of the three ox'y-anions strongly sorbs toinorganic 

surfaces such as clays, ferric oxyhydroxides, alumina or organic matter and none of the 
. 

‘
. 

elements strongly bioaccumulates. Chromium however differs from the other two 
elements in that it is very readily converted to Cr(III) by a host of reducing" agents 

commonly foundinsoils and the aquatic environment such as S2‘, Fe(II), fulvic acid, 

low, molecular weight organic compounds and proteins (Rai et al., l989; Saleh et al.,
_ 

1929). ~ 

a 

~ 
a

l 

* 
- The toxicities of the two redox species are equally divergent: Cr(VI) is a known 

carcinogen and much more toxic in mamrnali_an systems than Cr(III) which is required 
for glucose, lipid and protein metabolism. As expected; the attention of legislators is 
now turning increas-ingly to the actual formsof chromium in key environmental media; 
Little information is currently available on the speciation of chromium in our freshwater 

resources and most of the water quality guidelines have been based on total chromium - 

concentrations. In this report, a critical evaluation of the literature on the-chemistry of 

chromium in aquatic environments has been made in an effort to discem the processes 

that govern the speciation and hence the bioavailability and toxicity of chromium in 

lakes. 
, 
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Sources of Chromium in Lakes i 
'

. 

Chromium is a vital commodity for which there is no ready substitute. Industrial 
consumption of chromium (as chromite) has mushroomed from about 100,000 metric 
tonnes in 1904 to over 10 million tonnes in 1988 (Nriagu, 1988a). On a tonnage basis, 
chromium ranks 4th among the metals and 13th among all mineral cornmodities. The - 

global consumption -is distributed among three principal end uses: 76% metallurgical, 
13% refractory and 11% for chemicals. The end uses in the_United States are about 58% 
metallurgical, 23%) chemical and 18% refractory (Nriagu, 1988b). Although each use 
category generates wastewaters contaminated with chromium, the heaviest pollution 

loads» are associated with theproduction and use of soluble Cr(VI) compounds. About 
20-30% of all the Cr used annually is in the fonn of Cr(Vl). 

' 

Industzrial processes thus 
9 

,
- 

tend to generate and disperse the more toxic and mobile Cr(VI) in the environment. 
The principalsources of chromium in surface waters include electroplatingand‘ - 

metal finishing plants, leather tanning, Wood treatment, and fabric dyeing facilities, ' 

pigment and cement indus_tries, cleaning (industrial and domestic) solutions, drilling 
muds and the fallout of chromated aerosols (Nriagu, 1988b; Nriagu and Pacyna, 1988), 
In developed areas, street runoff and corrosion of steel and chrome-coated ‘structures can 
become major contributors of chromium to lakes (Ayres et a1., 1985). The common use 
of chromium by many small industries is reflected by the high concentrations in 
municipal wastewaters. The geometric mean concentrations of chromium in raw “sewage 
entering 37 municipal water pollution control plants in Ontario range from '10 to 560 ug/l 
with the average being 170 ug/1 (MOE, l99l)._ Similar Cr concentrations have also been 
reported in wastewaters of Regina, Edmonton, Calgary, Winnipeg and Vancouver 

(Viraraghavan and Rao, 1991). After treatment, the effluents are generally left with 10- 

30 ug/1 Cr, while the landfill sites for the chromium-rich municipal sludges have become 
well-known sources for Cr pollution of groundwater and surface waters (Calder, 1988). 

_ 
,

.
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Solid waste dumpsites often contain large quantities of_ steel, chrome-coated and 

chrome-painted objects and hence represent a potential source of chromium pollution in 
surface waters. - 

'
‘ 

,It has been estimated that about 142,000 tonnes of chromium are discharged 

annu_ally into’ the worldfs aquatic ecosystems (Nriagu and Pacyna, 'l988). Assuming that 

only 10% of the pollutant Cr is discharged first into lakes and rivers, the average 
concentration in these waters (volume: 1.3x1016 liters) would be increased by I

V 

approximately 1.0 ug/1. La.kes and rivers with elevated Cr concentrations above this 

value, and which can be attributed to industrial pollution,. are found in most parts of the 1 

world-including the developing countries. 
“i 

'

_ 

. Since chromium-bearing minerals are verygiresi'stan_t to weathering (hence the - 

preponderance of detrital Crjrninerals in lacusttine sediments), the concentrations of Cr 
in unpollutcd lakes typically vary from 0.02_ to 0.10 ug/1 (Borg, 1987; Ro_ss_rn_ann and 

Barres-, 1988; 'Bali'strie'ri et al., 1992). The "baseline values may be compared the 

average concentrations of total (dissolved -I-’ particulate) chromium in the Great Lakes: 

0;09 ug/l in Lake Superior, 0.13 ug/l in_Lake Huron, 0.39 ug/l in Lake Erie, 0.68 ug/1 in 

Lake Michigan and 0.81 ug/ll in Lake Ontario (Rossmann and Barres, 1988)." ' A regional 
pattern in intensity 1of'Cr pollution is evident in the increase in concentration from the 
fairlypristine Lake Superior to the more polluted Lakes Ontario and Michigan. The 
dissolved concentrations average 0.08 ug/1 in Lake Superior, 0.07 _ug/1 in Lake Huron,

_ 

0.27 ug/l in Lake Erie, 0.68 ug/l in Lake Michigan and 0.71 in Lake Ontario, 

implying that 70-90% of the chromium is in the soluble form (Rossmann and Barres, 

1988). Much. higher concentrations have been reported in many tributaries and harbours 

of the Great Lakesawhere industrial and municipal effluents are typically discharged. For 

example, -the 12 tributary rivers flowing into Lake Superior average 1.4 ug/1 Cr (Poldoski 

et al., 1978);» Johnson (1991) likewise found the average chromium concentration in 1 

rivers and streams draining into Georgian Bay to be 1.4” ug/l. . The concentration in



\ _ 

Hamilton Harbour in 1934 was 3.0 ug/lb (Harlow and Hodson, 1988).
’ 

' Average Cr concentrations in lakes and rivers of Ontario vary from 1.2 ug/l in the 
northern region to 5.5 ug/l in the more developed southeastern area (MOE, 1991). A_ 

. 

. 
-

\ 

summary of the reported Cr concentrations in lakes is presented in -Table 1. The 
literature data thus suggest that chromium concentrations in polluted lakes generally fall 
in the range of 0.5 to 5.0 ug/1. By comparison, the total Cr concentrations in the drinking 
water of the United States range from 0.4 to 8.0 ug/1 and average 1.8 ug/1 (Syracuse 
Research Corporation, 1989); the average concentration in Canadian drinkingIwa_ter is 
also about 2.0 ug/1 (Meranger et a1., 1979). ' 

-

. 

Outline of Aqueous Chemistry - 

A 

_ 

' 

‘ ' 

_

- 

' Although chromium can exist in nine different oxidation states, from (-H) to (VI), 
it is found almost exclusively as reduced Cr(III) and oxidized Cr(VI) under most . 

environmental conditions. The speciation of “Cr is controlled by the pE and pH of the 
system. Assuming thermodynamic equilibrium, the stability field of each species can be 
defined using the available dissociation constants. The plot from Palmer and Wittbrodt 
(1991) is shown in Figure 1 toillustrate the dominance fields of the more important Cr 
species under changing pE and pH conditions. A 

' 

4 

' 

1

' 

, The two dissociation reactions andthe associated equilibrium constants for 
chrornic acid are represented by: ' 

. 

‘

i 

1). I-12CrO: ¢=>'_1—1cro; + 11+; pKa1'=_ -0.2 : 

2).‘ HCrO§¢=¢rOf'+H+;pKa2= 6.5 -_ 1- »_ 
Under oxidized conditions Cr(VI) would occur as I_—ICr_O4' at low pH (<65) and as 
CrO4i2* at higher pI-_l. It is also possible to formthe hydrochromate ions, H6207-A and 
Cr2072' at high total Cr(VI) concentration (>'10'2 M) and pH_v'alues below 4.7 (Baes 
and Mesmer, 1976), conditions that are unlikely to be observed in lakes (Rai et_.al., '

7
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i Under moderately reducing conditions clan) dominates (Figure 1). Possessing 

one of the higher octahedral site preference energies available to the transition metals 

(Burns, 1970), Cr(HI) forms kinetically inert complexes with various ligands which can 

persist even under thermodynamically unfavorable conditions. The rates of ligand , 

exchange are often slow, as shown by the second-order rate constant for the exchange of 

one watermolecule in the primary solvation shell of Cr(III) which has been estimated to 
beam-10-5’M-‘ls-1 (Burgess, 1992). 

" ' 

V 

' 

1

9 

The Cr(IIl) readily forms octahedrally coordinated cationic or anionic complexes 

with a large number of 1igands,_thea1"nphoteric character being dependent on the number 

and charge of -the ligands attached. The most common ligand that reacts with Cr(IH) is 
the hydroxyl anion (Fig-1), the most stablethe hydrolysis products being Cr(OH)2"',~ 9 

Cr(OH)3° and CrO§ (Rai 'e't.a1., I987). Theavailable thermochemical constants have 

led to some disagreement as to the dominant hydroxy species; Figure 1 indicates that 

Cr3+ and Cr(OH)2*" are not formed to any significant degree within the pH range from 
4 to 14. Cr(III) also forms complexes, to a lesser extent, with such ions as S042-’, Cl‘ 

and 1=- (Richard and Bourg, 1991; Saleh et.a1., 1987), may react with co32- and 
B(OH)4' (Pettine et.al., 1991), but complexing with such ions as PO33‘, HPO42‘ and ‘ 

H2PO4' has not-been investigated (Ercl and Morgan, 1991). In acidic solutions (pH <- 

4.0)-with high Cr(III")A concent_ration_s_, polynuclear comrplexestare formed through the 

linkage of adjacent atoms by hydroxo- and oxo-bridges (Stunzi et.al., 1989; Burgess,
‘ 

91992), These COmpl€)_(_6S are unlikely to be formed in lacustrine environments, however 

(Rai et;_a1.», 1987; Pettine and Millero, 1990). 
' 

. 

‘ ‘ 

~ 

’

I 

One of the first investigations of natural organo-Cr complexes in surface waters 1 

was undertaken by Nakayama and co workers_(Nakayama et_}al§, l981_a,b,c,d). They 

found that the most effective complexing agents‘ in pure water were low molecular
‘ 

weight, polybasic organic acids likecitric, malic and asc.or_bic‘acid; monobasic higher _' 

. 

' 

. \
'



fatty acids and amino acids had little effect; In contrast .to these findings, Mayer et.al. 
(1984) found that high molecular weight dissolved/colloidal substrates bound more . 

efiiciently to Cr(HI) than low molecular weight fractions, In fact, the u_se of CI(m) in
‘ 

leather tanning, introduced in 1854, depends on its propensity to form stable complexes 

with proteins,‘ enzymes, cellulosic material», dyestuff and synthetic polymers (Nriagu, . 

1988a). Apparently, there is no shortage of organic molecules that "can react with Cr(IlI) 
in lakes. The higher biological‘ productivity, the smaller depths and large sediment-to- 
water volume ratios imply rapid degredation of organic matter which can result in metal- 

organic complexation being more prevalent in freshwater environments compared to the 
ocean. 

' 
A A 

'
- 

Controversy in Geochemical Cycle of Chromium ‘ ‘ 

e

l 

The geochemical cycling of chromium in lakes is determined by a combination of 

hydrodynamic, chemical and biological processes. The interplay can be illustrated by 
considering the interconversion of e Cr(VI) and Cr(Hl) over the pH range of 4 to 9 which 
can bedescribed by the following two reactions: 

_

- 

3). 
’ 

"Hero; -+ 6n+ + 3e- <=> Cr(0H)2"' + 3H2O (acidic environments) 
4). s 

Q05" " 

-+_ 53+ +3e‘ <-_-> cr(oH);’ +_ H20 (alkaline environments) 
From the standard electrode potentials andfree energies of formation, the following 
relationships between Cr(IH) and Cr(VI) as a function of pH and Eh have been derived: 
5). 

C 

Eh = 1.30 - 0.O2Olog{Cr(OH)2"’]/{HCrO§ lg - 0.118 pH '

" 

6). ‘ Eh = 1-17 - 0-029'1°glCr(OH)§ }/{cro3'} -' 0.098 pH 
_

. 

According to the equilibrium reactions, equimolar concentrations of Cr(III) and Cr(VI) 
should be expected in lakes where the pH is 8.0 and the Eh is about 400‘ mV. This _ . 

prediction is rarely confirmed by field measurements; For ins,tanc__e,' Johnson et al_. (1992) 
and Masscheleyn et al. (1992) could still detect significant concentrations of Cr(VI) in 

9
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water samples with low (<200' mV) Eh values. ‘The field datasimply show little 
agreement with the predicted abundance of the red.0X species in natural waters (Table 2). 

A number of explanations have been proposed for this discrepancy, including site 
specific conditions (like point sources, local biota and climate) and the time of year -

. 

during which sampling occurred (Cranston and Murray, 1980); slow attainment of redox 

equilibrium due to kinetic restraints (Ekert et.al_., 1990); the stabilization of Cr(III) by 

complex formation with DOC (Nakayama et.a1,, 1981a);"or“problems associated with the 
analysis of trace metals at nanogram levels, such as incomplete separation of the redox 

species (Johnson, 1990; Pankow et.al., 1977; Osaki et.al., 1983; Cmnston and Murray-, 

1980). All these factors that determine chromium speciation, are also related to the 

following key processes that affect the distribution and ultimate fateof the element in '

. 

lakes; (i) authigenic precipiation of mineral phases, (ii) scavenging by adsorption onto 

settling particles, (iii) reduction/oxidation reactions coupled to the cycling of elements 

such as S, C, Fe and Mn, (iv) bioaccumulation and biotransformation, (v) photolysis and 

(vi) hydrodynamic forces 
, p 

* 

V 

i

p 

. 

- The importance of these processes and reaction pathways in the 

geochemical cycling of chromium in lacustrine environments (Figure '2) are discussed in - 

detail below. " ’ 

Dissolution/Precipitation of Chromium Minerals .

9 

‘ 

Although over 40 chromium-containin g minerals are lcnown and hundreds of ~

' 

insoluble chromium compounds have been synthesized (Nriagu, l988b), the nujmber 

expected to form and persist in lacustrine environments is limited. In nature, the most 

common chrome minerals include chromite (F_eO. Cr203), crocoite (PbCrO4), 
H ' ' 

vaugquelinite '(Pb2Cu_(Cr()4)(PO4).OH), chromium varieties of magnetite (Loring, 1979') 

and hematite (Schwertmann et al., 1989), and various chromium containing silicates such 

as uvarovite (Ca3Cr2(SiO4)), kfrinovite (NaMg2Cr(Si3O1g)) and pyTOP¢. I11 1.akB$, these 

‘to i
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minerals are likely to occur in detrital form in sediments, and have been shown to 
account for 76-98% of the chromium in the St. La"vvrencetRiver sediments (Loring,

W 

1979). Since most lake sediments tend to be reducing, it is unlikely that the detrital 

chromium minerals are mobilized by conversion to Cr(VI). 
_ 

-

Y 

A number of anthropogenerated chromium minerals have been reported. Iranite 

(PbCrO4.»H20), tarapacaite (K2CrO4) and crocoit have been identified in plating‘ tank 
sludg¢S in Corvallis, Oregon (Palmer and Wittbrodt, 1991). Cromatite _(CaCrO4) was 
likewise isolated in a drainage ditchcontaining the plating wastes. The ore processing - 

residues in Hudson County, New Jersey contain chromatite, Calcium aluminochromate 
(3CaO.Al2O3.CaCrO4), tribasic calciochromate (Ca3(CrO4)j), and basic ferric

1 

chromate (Fe(OH)CrO4) (Burke et al., 1991). The fomiation of hashemite (BaCrO4) 
(see figure 4) and related compounds with a generalized composition of Ba(CrxS1__x)O4 
has been recorded in chromium contaminated soils (Rai et al_., 1989) and at the plating 
dump sites in Corvallis (Palmer and Whittbrodt, l991). The formation of some of the 
minerals above and their analogs in lakes can be expected especially near point sources 

of chromium pollution. ' 

- ~. - »
V 

Laboratory studies suggest that the concentrationsof chromium in aquatic 
environments can be limited by the formation of amorphous Ck(OH)3 or crystalline ' 

Cr(OH)3.H2O in the pH range of 6 to 12 and by Cr2O3 (eskolaite) under more acid (pH 
< 6) conditions as indicated in Figure 3 (see also Rai etal., 1989; Richard and Bourg, 
1991). In the presence of iron, a number of stable solid solutions can be formed t

1 

including CrxFe1_,-‘(OH)3 — the hydroxide series (Figure 3); CrxFe1_x)OOH — the 
goethite-bracewellite series; and Fe_xCr2_xO3 —. the hematite-eskolite series (Sass and 
Rai, 1987; Schwertmann et al-.~, 1989). These ferrochromium minerals are probably . 

formed in sediments during the reduction of Cr(VI) by Fe(II) and can play a role in the
_ 

immobilization of chromiumin lakes. Recently, Pettine et.al. (1991) reported that Mg2"' 

ions in seawater lowered the oxidation kinetics and increased the aging of Cr(l1I). The 

1 1
'
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effect was attributed to the formation of mixed Mg-Cr hydroxides with the formula 
Cr§;M'g(1_x)1_5(OH)3, similar to the Fe-Cr hydroxide solid solution discussed. above. 
Such a phase may be formed in lakes with _unusual chemical composition. '

. 

' In contrast" to the Cr(IH) compounds, the solubility of pure Cr(VI) compounds " 

are so high that theirprecipitation is unlikely to be an important buffer mechanism for 
Cr(VI) concentrationsin‘ lakes. Figure 4 shows the effects of pl-‘I on the solubilities of 
BaCrO4 (log Ksp = 9.7) and PbCr04 (log Ksp = 13.7), two of the least soluble of the 
Cr(VI) compounds. "Even under the most favorable circumstances, the dissolution of 
P_bCrO4 in pure water will result in Cr concentration of about_ 5 ug/L (Figure 4), well ~ 

above level in most lakes. Chromate, however-, can form much less soluble solid" -
a 

solutions with sulfalil. phosphate and similar molecules. Rai et al. (1.988) proposed that 
Cr(VI) concentrationsin fly ash leachates may be controlled by precipitation/dissolution 
of phases in the BaSO4.-BaCrO4i solid solution. 

A 
.

i 

Lacust_rine environments also favor the formation of many other low temperature 
minerals which remain difficult to identify or have not been sought for. In aerobic 
systems, for example, do_na_t_hite'(Fe2"',Mg,Zn)(Cr,~Fe3*,Al)jO4: can ‘readily be formed 
by the coprecipitation of the constituent metal oxyhdroxidesi; the coprecipitation of Cr 
and A1 has allfeady been reported in soils by Bartlett and Kimble (1976). ln more- 
reducing environments, mixed sulfide minerals such heideite [(Fe,Cr)1-.x(Ti,Fe)XS4]

‘ 

may be formed when Cr(VI)’ is reduced; In carbonate rich. lakes, the formation of 
beresovite (Pb5(CrO4)3(CO3)O2 and vauquelinite (see above) should be possible if the 
lead levels are elevated. ’Pyro,r_norphite (Pb5(PO4)3OH).is an extremely insoluble 
mineral that occurs widely in the environment (Nriagu, 1984; Cotter-Howells and

' 

Thornton, 1991). Thereplacement of P04 by CrO4 can lead to the formation of
V 

embreyite (l?b5(CrO4,PO4l)3Ol-I) in sediments with high Cr(VI) concentrations. 
‘

' 

I 

The wide range of redox conditions and metal concentrations favor the formation 
many chromium minerals even in unpolluted environments. Where they form and how 

. 
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they affect the chromium concentrations in lakes remain an unexplored territory. 

Sorption and Scavenging of Chromium 
Although mineral solubility is likely to control the concentration of dissolved 

chromium in the pore waters of lake sediments, Cr concentrations within the water 
column are usually below the solubility limits of. most Cr-bearing minerals. In sea water, 

scavenging by seston is an important mechanism controlling dissolved Cr concentrations 

(Murray, 1987; Jannasch et al., 1988), a feature that has recently been demonstrated in 

lake waters (Johnson et al., 1992; Balistrieri et al., 1992). Chromium, in its various
‘ 

fojrms, can bind to colloidal or particulate organic matter, hydrated Fe, Al or oxides, 

clay parficles, or plankton and other organisms (Jackson et.al_._, 1980; Davis and -Leckie, 

1980; Hiraide and Mizuike, 1989). Adsorption unto suspended particulates can be 

described adequately using the diffuse double layer and constant capacitance models (see 
Rai et al.,‘.l988; 1989 for an excellent discussion of Cr adsorption mechanisms). The 
adsorption of Cr species onto the inner-sphere of a seston with a variable charge can be 
represented by the following complexation reaction_: 
1)..- ES-OH° + Cr3+ + H20 <=> ES-O-Cr-OH-"’ + 211+; Kg”

_ 

s). as-onv + crof + H+ ¢=> es-cro; -+ I-I20; K31; 7
- 

»where ES-OH; V, ES-0H°, and ES-O- represent particulate surfaces and Kg” and 
Kg";’ are the intrinsic formation constants for the surface complexes. The outer-sphere_ 

complexation mechanisms can be represented by: - 

‘

_ 

9). -as-on -_+ Q01" + n+ ¢=> S-0I~l§—CrOf‘; Kg}? 
10). Es-0-.+Hcr'o; + H+t_-<2;-> s-on";-Hcroj; ‘KZ,“,‘," 

At equilibrium, the extent of retention of a chromium species can be derived for the 

,inner sphere complexation: 4 

- 

. 

' 

-_ 
' 

-

' 
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~,..,,=_,,t [ass-crow 
11-)‘ K9" [Es_0H~»1{¢,é~;tH+;°"P‘5‘*Fv’RT> .- 

. . 

where ‘Pl. is the electrical potential. at the charged surface. For the outer sphere reaction, 

the expression becomes: .

I 

" outer 
'

' 

In 
Kt°"‘v 

= 
[§[' s- o"1{1:'€r0;1{;1]+}y °xp(""‘F I RT)

I 

The equations show that the adsorption of either chromium species is pH dependent, but 
whereas the retention of Cr(IH) increases with (Figure 5), the adsorption of Cr(VI) 

(exemplified by"CrO§‘) decreases with pH (Figure 6). In addition, the adsorption . 

capacity is dependent on the concentration ‘of surface sites and the value of the surface 

complexation constant. Table 2 shows the intrinsic outer-‘sphere adsorption constants for 
C1-Of‘ and HC1-O; for various surfaces; In general, the equilibrium constants match the 

adsorptivity sequence, Fe oxides> A1 oxides>clays (Figure 5), and point to iron"ox_i_des 

and hydroxides as being particularly effective scavengers for Cr(III) in acidic to neutral 

lakes (Rai et al., 1988), Sorptionby Mn oxides is often less important (Chuecas and 
Riley, 1966). 

i

_ 

In the presence of competing "ions like SO42‘ or H4SiO4°,the sorption of 

chronjate has been shown to decrease dramatically (James and Bartlett; l983;"Zachara - 

et.al., 1987). Many dissolved organic compounds contain negatively charged phenolic 
and carboxylic acid functional groups and hence can alsocompete against the chromate 

ions for adsorptionsites.- Many inorganic particles are coated with an organic which 

can change the surface properties (Balistrieri~et.al.,~ 1,981; Johnson and Xyla,_ 199l).- This 

effect has been observed in lake waters; where goethite. particles in the presence of 

varying concentrations of DOC ‘(as low as 0.1 ppm) became negatively charged due to ' ’ 

humic acid sorption (Tipping and Cooke; I982). Also,~Kemdorff and Schnitzer (1-980)> .

14



found that at a pH of 5.8, 100% of the available Cr(III) was sorbed by a clay loam soil 
with 0.05-0.5 mM humic acid whereas in the absence of humic acid, over 50% of the 
chromium was precipitated as an unidentified hydroxide, suggesting that sorption and 

solubility processes do compete for available trace metals. Douglas _et.a1. (1986) and 

Nriagu e_t.al. (1983) studied the formation of Cr complexes within lake sediments and 

showed that sorption / complexation of Cr(IIl) with organic matter is an important 
process which can control dissolved Cr concentrations in pore water.

' 

" The strong role of adsorption/desorption on the distribution of chromium in lakes 
is well established, Jackson et al. (1980) reported that aboutabout 40-60% of the i 

51Cr(IIl) addedtosoftwater lakes in the Experimental Lakes Area (ELA) of northern 

Ontario was removed by chernisorption onto >0.45 um seston in only 20 days. The half- 
time for the removal of chromium from the water column was about 11 days in control

' 

lakes and 6.5 days in an experimentally acidified lake. Analyses of the NaOH extracts of 
the sediments and their Sephadex eluates suggested that the Cr was sorbed primarily to 
peptized colloidal hydrated ferric oxides. From studies using radioactive isotopes, 
Santschi (1988) obatined a rate constant of about 0.02 day'1 for sorptive removal of ‘ 

51Cr(VI) and "a much higher rate for 51Cr(llI). The depletion of Cr(VI) in the 
‘

V 

hypoliminion of Lake Greifensee in Switzerland was similarly attributed to scavenging 
removal; by seston with the rate constant estimated to be 0.005 day-1 (Johnson ct alt, 

1992). 
' 

The adsorption of Cr(HI) by Raisin River sediments (going into Lake Michigan) 
was found to be linear with a 48-hr adsorption density of about 6000 uglg and a » 

sediment-water partition coefficient of 30 L/g‘ (Young et al., 1987). The desorption of 
the Cr was incomplete after 24 days and the irreversible sorption/desorption of Cr was " 

attributed to kinetic constraints or to the precipitation of Cr and Fe oxyhydroxides. The 
adsorption/removal of chromium on mineral surfaces is probably more complex and can

, 

entail (i) the adsorption of Cr(VI) on the seston surface, (ii) the reduction of the Cr(VI) 

' 
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followed by sorption or precipitation of the Cr(lII), (iii) the complexation or sorption of 

the formed Cr(III) by organic ligands/matter (Masscheleyn et'al., 1992). Pettine et al. 

(1992) showed that the particulate Cr concentrations in Po River (Italy) were strongly 
correlated with suspended matter (r=0.93), and particulate iron (r=0.8), aluminum 

(r=0.81) and magnesium (r=O.76) concentrations. » 

Sediments provide additional evidence for sorptive removal of Cr from the water 

column. Cahill and Shimp (1984) found a strong correlation between Cr and the organic 

carbon (r=0._81) and 2 um clay (r=O.-54) contents of Lake Michigan sediments. A 
significant correlation (r=0.69) was reported between‘HCL-eX'tractable Fe and Cr in 

surficial sediments of western Lake Erie (Lum and Gammon, 1985). In the Bay of 

Quinte sediments (Lake Ontario) with 6-71% organic matter, about 15-43% of the 

chromium was associated with organic matter and 5- 15% with metal oxides (Ajayi and 
VanLoon, 1989). The ‘predominant association of Cr with Fe/Mn/Al oxyhydroxides and 

organic matter has been reported in manypolluted sediments including those of Lake 

Huzenbachersee in'Germany (Steinberg and Hogel, 1990), River Nile (Elsokkary and 

Muller, 1990), Huang-(Ho an Rhine Rivers (I-long and Forstner, I983), Axios and 

Aliakmon Rivers in Greece (Samanidu and Fytianos, 1990), Gulf of Maine (Mayer and 

Fink, 198.0). and the Dalhousie and Belleduneflarbours, Nova -Scotia (Samant et al.,
_ 

1990)." These studies, based on the use of various extracts to remove the chromium, 

suggest that most of the chromium is isorbed onto the oxide or organic fraction rather 
than held in the mineral lattice. - 

Oxidation/Reduction of Chromium - ~ 

. 
_ Electron'tfansfer' in chromium redox reactions islimited bythe slow water 

exchange (Bu'rgess,Al992), high rem potential (Rai et.al., 1989), as wen as the transition 
from tetrahedrally to octahedra1_ly_ coordinated species (Murray, 1983).‘ Although the

' 

" "L I‘



redox reactions often occur through the formation of ' chromium species with intermediate 

oxidation states, and rate laws have been determined showing the formation of Cr(V) and \ l
. 

Cr(lV) to be the rateélimiting steps (Palmer and Wittbrodt, 1991), the reactions described 

in this report depict only the su_m_ of all the steps. Any Cr(V) and Cr(lV) formed can 
remain in solution for up to one day (Boyko and Goodgame, 1986) but since both species 
are strong oxidants, they are likely to react fairly rapidlywiuth relatively inert reduced 

complexes (Kieber and Helz, 1992). .

' 

Chromium reduction in sediments
\ 

' Chroinate ion is a strong oxidizing agent and can be reduced easily in anoxic 

sediments or organic ooze at the bottom of some lakes, in anoxic hypolimnic waters - 

during stratification in some lakes, during groundwater flow prior to discharge into the 
lake, and possibly as an endogenic biological process (Kieber and Helz, 1992). ‘In near 

neutral solutions", the approximate redox potential (Eh value) forthe HCrOj /Cr(OH)2i"‘ 
COUPIC of 1.3 Vis higher than those for No; /N1-1; (~ 0.9 v),1=e3+/1=e2+ (_~» 0.1 v), 

humic ‘acid (~ 0.7 v), fulvic acid (~ 0.5 V), soi-/ns- ( about -0.7 v), co;/cnzo 
(about -1.7 V). All these reaction couples can therefore reduce Cr(VI) under favorable - 

circumstances. By contrast, the higher redox potential, for MnO2/Mn(II) couple (7 1.8 
V) is consistent with the observation that Mn(II) rarely reduces Cr(VI) in aqueous 

environments (Palmer and Wittbrodt, 1991). - 
~ 

;

‘ 

Simplified reactions showing the reduction of Cr(VI) by sulfate reduction, Fe(Il), 
NO; ,.and CH4 are shown below along with the rates of" the reaction. » 

13). 2CH20 .+ soi" <=> HC03 + HS’ + co; +1120 [microbial sulfate 
reduction] " 

. 

-

‘ 

14). snciog + 1-1s- +,91i+(+ e <=> 3cr(on)2+ + soj" + 5H2.O [rat_e: 

instantaneous] V

'
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, . 

15), Hcro; + ;t=e1+ + 611+ + 2e, <=> Cr(OH)2'*' + 1=e3+ + 3320 [ratez 
instantaneous] 

16). HCr(_)j ,+ No; + 4H+ + e <=> cr(oH)2+ + No; + 2H2O [ratez fast]V 

17), t HCrO§ A+ CH4 +’ 4_e <=> Cr(OH)2+‘h + CO'§‘ + 4H‘*' [ratez slow but can be 

biologically mediated) - 

p 

V

\ 

Both sulfide and sulfite ions formed in eq (14) can reduce Cr(VI) with the former 

requiring Fe(H) as a catalyst. In lake sediments, most of the sulfur is bound to ferrous 

iron (Nriagu and Soon, 1985), which can reduce the chromium itself. The Cr(HI) and ' 

Fe(IH) formed from eq (15) may hydrolyze, combine and coprecipitate (see below). * 

High concentrations of 1701‘ would encourage the removal of Fe(III) by the precipitation 

of insoluble pFePO4.;2_I-I20 (strengite) and hence can speed up the reaction. Ferrous iron 

bound tjo mineral phases in sediments such as hematite, biotite and chlorite have also 

been shown to be effective in reducing Cr(VI) (Eary and Rai, 19ss).- The reaction - 

apparently occurs in solutionrather than on the ,n_1ine‘ra,1 surface, implying that the rate of 

Cr reduction is determined by the rate of dissolution of the mineral phase. The schematic 

reaction - 
4 

e 

’ 

-

. 

18). [t=eI1,1<+],,,,,, + Hcro; ~=> 1=e_1_,,_cr,,'(oti)3 + K+ ’ 

suggests that Cr reduction can affect the stability and composition of Fe(II)-containing 

clay minerals in lacustrine sediments. » 
A 

A 

' 

_

Q 

- Many naturally occuring and industrially produced organic» compounds, 
including alcohols, phenols, carboxylic acids, proteins, cresols, etc, can reduce Cr(VI) 

effectively. Since the reduction of C_r(YI) by natural organic matter in soils is a first“-e 

order reaction (Amacher et al., 1988), the amount of reduction of dichromate by soils has 

tbeeniused as a measure of the soil organic carbon content (Nelson and Sommers, 1982); 

this low cost analytical technique needs to be applied to lake sediments. A large fraction 
of the organic matter in sediments is in the. fonn of humic and fulvic acids which are 

effective Cr(V I) reducers (Palmer and Wittbrodt, 1991). Reductionof Cr(VI) by the 

1s_



sugar-like molecule d-galacturonic acid (produced by pectic_ substances on plant roots) in 
acidic solutions (~ 4.2) occurs only if Cu(II) or Cr(HI) is present to catalyze the reaction 

(Deiana et.al., 1991). - 

'

A 

l 

Bacterial reduction of Cr(VI) can be quite important in lake sediments. Most 
research in this area has been conducted with the goal of developing bacterial strainsthat 

could be used to detoxify polluted waste waters (Beveridge and Doyle, 1989; Cervantes, 

1991). Natural strains do exist that have the capability to reduce These species 
include the anaerobic species Pseudomonas dechromaticans and Aeromonas 
dechromatica, and the aerobic species P. putida (Cervantes, 1991). There is no reason 
why many other heterotrophic bacteria that use nitrate, sulfate and carbonate as electron- 
acceptors in their metabolic processes cannot also do the same with chromate, resulting 
in a_ decromification process (Bartlett, 1991). Recent studies suggest that.instead of 

reducing Cr(VI) indirectly through the production of sulfide, some of the sulfate 
reducing bacteria can reduce the Cr directly by an enzymatic mechanism (Coleman et al., 
1993). Many enzymes are known to reduce Cr(VI) (Nieboer and Jusys, 1988) but their 
prevalence inthe environment needs to be confirmed. - 

A 

.
- 

The oxidation/reduction processes described above control the cycling of Cr in 
lake sediments in the followin g manner} (A); Hexavalent Cr is unlikely to persist in the 
anaerobic sediments found below the oxidized microlayers which characterize most ' 

lakes. Indeed, Saleh ‘ct al. (1989) showed that a slurry containing only 10% of an 
anaerobic lake sediment reduced Cr(VI)) instantly. (B). ‘Most of the reduction reactions 

(above) generate alkalinity (consume protons) hence in softwaters, chromium pollution 
would tend to mitigate the effects of acid rain, (C). There is a geochemical decoupling ‘ 

of the Cr cycle from those of iron, manganese and other redox-sensitive elements. 
While Fe and Mn form mobile reduced species in anaerobic sediments and hypolimnion,_ 
the chromium is easily immobilized as Cr(HI) as oxyhydro'Xides.- In meromictic lakes 
and lakes that developbottom anoxia during stratification, the sediments represent an- 

‘ 

' 
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important source of Fe, Mn and associated metals but would be a sink for Cr(III_). The 
converse should be expected in oligotirophic -lakes. (D). The fonns of Cr in sediments 

represent a potential indicator of the cultural influences on the lake ecosystem. In the 

natural environment, most of the Cr in sediments would be associated with detrital 

minerals" derived from the weathering of rocks in the drainage basin (Gibbs, A1977; 

Loring, 1979; Sager et al., 1990). An increase in the input of Crpollution or in the 
et1'trophic‘ation of the water bodywould orchestrate the immobilization of Cr(III) ' 

resulting in the enhanced accumulation of Crein the oxyhydroxide and organic fractions. 

Several studies have demonstrated such changes. Elsokkary and Muller (I990) showed 

that the residual fraction accounted fornearly 60% of the total’ Cr in slightly polluted 
River Nile sediments compared to about 2.0%‘ in the highly polluted sediments. Steinberg 

and Hogel (1990) presented changes in profiles of the different forms of Cr in Lake 

Huzenbachersee sediments which was closely correlated with the history of ‘industrial
A 

development in the drainage basin. 
A 

.

* 

Chromium reduction in the water column ' 

. 

- 

A _ W 

. In anaerobic waters-, Cr(VI) reduction would be dominated by the reduced species 

released fromthe sediments or by resuspended sediment particles. The Eh at which the 
reduction ‘occurs remains equivocal, however. Johnson e_t' al. (1992) observed high 

concentrations of Cr(VI) in anox-ic hypolininetic waters and concluded that Cr(VI) 

reduction is possible under strongly reducingeconditions where sul_f_ate reduction can 

occur. Masscheleyn etal, (14992) likewise found that Cr(VI) in floodwater of wetland
\ 

soilsywas not reduced -at Eh of 460 t'nV and pH 7.3 where Cr(HI) ispredicted to be - 

thennodynamicallyr stable. It would therefore appear that suspended particles and their 

surfaces are more important than thermodynamic equilibriumprocesses in Cr(VI) _ 

reduction. in lakes; Several studies have -indeed noted t_hat'Cr reduction ‘in soil and 

sediment mixtures is strongly dependent on solid-to-solution ratio (Saleh et al., 1989;

. .



Eckertet al., 1990; Masscheleyn et al., 1992). ' 

.

y 

The reduction of Cr(VI) to Cr(III) by organic matter in soils and sediments, 

especially by the hurnic and fulvic’ acids, has long been documented in the literatme - 

(James and Bartlett, 1983; Saleh et a1,, 1989-; Masscheleyn et.al., 1992). One of the first 
to address Cr(VI) reduction by DO_C in sea water was Nakayama et.al. (1981c), who 
observed approximately 90% reduction of 10 nM C1'(VT) with 5 micrograms of hnrnic 

. 
. / . _ 

acid under natural pH conditions (7.5-8.2). Eckert et.al_._ (1990) studied the many factors 
that affect the rate of Cr(\/I) reduction by DOC, vinclueding the temperature and pH of the 
solution, the concentrations of the reactants and the intensity and wavelength of light i 

present as well as the presence of catalysts and the labile nature of the DOC-. They 
showed that the Cr(V I) reduction proceeded faster under fieldconditions than in a 

synthetic medium (pseudo first-order rate constant of 0.6Ah'1 vs. 0.2 h'1 respectively) 
due to either more labile DOC or the presence of catalysts in the natural system. ' 

Stollenwerk and Grove (1985) noted a decrease in the concentrations of Cr(VI) in water 
samples preserved by standard techniques and that the rate of reduction increased with r 

increasing N02, DOC,_H+-' and temperature. They showed that the addition of fulvic acid 
to an acidified groundwater sample resulted in complete loss of Cr(VI) within 5 days of 

storage at 25°C. ' 

' Direct photoreductionof Cr(VI) finds applicationin photographic plates which 
contain mixtures of ‘Cr(VI) and organic sols such as gelatin (Kieber and Helz, 1992). a 

The reaction is generally believed to involve initial formation of a ligand-to-metal 
charge-transfer (LMCT) excited-state complex: 
19). "Hero; +ROH- <=> [Ro-Hcflrog] C, -+H o~L>[Ro1' + Cr3+ + products 

_ 
LM 2 

20)., [RO]' + O2 -> Ro; ROH + H0; t 

’ 

e

~ 

R_OH refers to an alcohol functional group, HO; is a superoxide radical and [R0] ' and 
R0; are radical groups. Potentially, this type of-" reaction may also be important in the 
oxidation of natural and synthetic organic molecules in surface waters (Zepp et al., 1992; 

21, -



Pignatello, 1992; Sun and Pignatello, 1993). Photochemical reactions between _DOC 
and Cr(VI) have been investigated by Riedel (1985) and Waite (1988). For DOC related 
reduction of Cr(VI), two pathways have been suggested. First, near UV photolysis‘ was 
found to greatly increase the amount and rate of Cr(VI) reduction under acidic conditions 

(Waite, 1988). Second, in the presence of glycine, charge transferirradiation of HCr1O4' 

has been shown to cause the formation of Cr(V). This reaction is pH independent when V 

HCr0; is the absorbing species. 
_ 

, 

t 
-

_ 

Domcnech and Munoz ( 1990) showed that 30-70% of the Cr(VI) in neutral to 
alkaline solutions can be reduced on ZnO. Because ZnO is unlikely to be a common 
phase in lakes, other ,moreabujn_d_ant photochemical initiators such as nitrate, nitrite, 

organic matter and iron oxides and hydroxides are more likely to be involved in the < 

photoreduction. In particular, several studies have documented the formation of Fe(II) 

during the photolysis of ferric compounds in the presence of organic ligands yields
Q 

ferrous iron (Collienne, 1983; Waiteand Szymczak, 19931)): » 

21). [ROH, Fe3".'], —*1-> [nor + Fe2+ + 11+
' 

The Fe2+l so produced" has been shown to rapidly reduce cr(v1) even in air-saturated 

systems (Eary and Rai, 1988; Palmer and Wittbrodt, 1991; Kieber and Helz, 1992). The 

Cr(III) may then combine with any ferric ions present 'to form a hydroxide solid solution: 
22), Cr(_VI) +F¢(II) p—> ~CF(1TI) +Fe(1TI)‘ F°ixCTl-x(QH)3 

The iillportance of indirect photoreduction of Cr(Vl) was recently demon'suated- by - 

Kieber, and Helz (1992) who reported that the diurnal changes the Ct(VD/Cr(I_l_I) 

ratios of Black River, Maryland was due primarily to Cr(VI) reduction by
V 

photochemically derived Fe2+. Photolysis of natural and organicconipounds inlakes
' 

often yields H202 (and the superoxide anion, HO; , ) which istalso able to reduce both 
Fe(IIl) and Cr(VI) especially under acidic conditions (Cooper et a1., 1988; 1989_;Kiebe"r ~ 

and Helz, 1992; Waite and Szytnczak, l993a); - . 
- 

. 

- 

' " ' 

23). 1=e3+ + H202 e-> Fe2+ +110; 

' 22



24). cr6+ + H202‘ -> Cr3+ + Ho; -

. 

The Fe(H) from reaction 23 can participate in further Cr(VI) reduction while the 

hydrogen peroxide can be regenerated by the dismutation of the superoxide radical: 

25). 21-IO; + H"' -‘-> H202 + O2 4 
'

' 

or by the Dorfman reaction (Sun and Pignatello, 1993): 
26); '[RO]' + H20 g-> [ROH] + Ho;

‘ 

27).. HO; +’I_-1+ v+ e -—>-H202 + O2 
I 

_ Z 

The exact roles of these species in detennining thefate chromium in lakes remain unclear 
at-this time. ‘ 

V One can conclude from the preceeding discussions that significant reduction of 
Cr(VI) in the water column can. be expected in humic and colored lakes and bogs with 

high dissolved organic carbon where photolytic reactions yield high concentrations 

ferrous iron, hydrogen peroxide, superoxide "anion and LMCT complex. In clear water 
lakes, the sediments are likely to remain the primary foci for Cr(VI) reduction. _ 

_

_ 

Oxidation gof Cr(III )
V 

Because of the high redox potential of the Cr(VI)/Cr(llI) couple, there are very 
few natural oxidants innatural waters that are capable of oxidizing Cr(IH) (Rai et.al.,r 

1989). In addition, the oxidationkinetics are very slow with the calculated half-life for 

the transformation of Cr(III)_ to Cr(VI) in surface waters varying from l to 20 months 

(Schroeder and Lee, 1975; Cranston and Murray, 1980). The discussions below focus 
primarily on processes that are expected to occur in lake ecosystems and since they result 

in the undesirable formation of "the more toxic Cr(VI) species, they the processes have - 

been described in much greater detail. 
_ 

. J 
e 

.
. 

Perhaps the most studied potential environmental oxidants for Cr(VI) are the 

various manganese oxides and oxyhydroxides. Johnson and Xyla (1991) claim that 

Mn00H is the most reactive manganese oxyhydroxide while Eary and Rai (1987) W 

23'



tnaintain that BMnO2 is the least reactive. Stoichiornetric reactions for the Cr(HI) 

oxidation -by the Mn oxyhydroxides are shown below (see Eary and Rai, 1987; Johnson 
and Xyla, 1.991; Fendorf and Zasoski, 1992), and the estimated rates are shown in Table 
4. ~ 

28). cr<oH)2+ + 3Mn0OH;~=> Hero; e+ 3Mn2+ + son- 
29). Cr(OH_)2"’ + 3,BMn_02 + 3H2O <=> Hcro; + 3MnOOH + 311+ 
30). 

' 

2H+ + cqon); »+ 1.5aMnO2 <=> + 1.sMn2+ + 2H2O 
In an aerobic environment, the reactive interfaces may be regenerated continuosuly as the 
Mn(II) produced is quickly reoxidized so that the role of Mn can thus be regarded as 
catalytic. = 

' 

t 

' 

_ 

' 

i 

_- 
'

V 

. Johnson and Xyla (1991) suggest that three electrons are transferred stepwise via 

Cr_(III), Cr(IV) and Cr(V) as Cr(III) is oxidined by manganese oxides. Sorption onto, 
- a \ 

oxidation by and subsequent desorption of these intermediate compounds are all y 

involved in the final production of Cr(V I). The proposed mechanism is corroborated by 
Eary and Rai (1987) who showed that oxidation of Cr(HI) by BMnO2 was the sarne 
under both aerated and deaerated conditions, implying that the reaction is directly 

between Cr(HI) and the Mn oxide, and that oxygen was not an intermediate phase or a. 
catalyst. The rate of Cr(HI) oxidation by Mn oxides is non-linear under acidic conditions 
(Earyand Rai, 1987). Factors that may affect the rate and extent of Cr(HI) oxidation 
include the surface area and concentration of the Mn oxide, the pH of the solution, the ' 

concentration of Cr(HI) (Fendorf and Zasoski, 1992), and the ionic strength of the 

solution (Van-der Weidjen and Reith, 1982). Y 

‘ An increase in the surface area of Mn oxide results in anincrease in Cr(I1I_) 
oxidation; the relationship is first order and the slope is close tounity (Johnson and Xyla, 

1991; Eary and Rai, 1987). Surface area (and thus oxidation rate) may be reduced by 
reactions at the mineral surface, and such mechanisms have been proposed to explain the 

non-linearity of the oxidation reaction. Eary and Rai (1987) suggested that this effect ‘_



was due to the adsorption of the Cr(VI) produced onto the Mn surface. Fendorf and 
Zasoski (1992), however, pointed out that if" sorption of the Cr oxyanions inhibjits Cr(IH) 
oxidation, then the rate of oxidation should decrease with decreasing pH due to surface 
protonation of the oxide; this effect was not observed. Recently, Masscheleyn ct al. 

(1992) showed that a manganese and iron oxide film or layer floating on the floodwater 
surface was solely responsible for the oxidation of Cr(IH) at their study site, and their 
results cast further doubt on what isknown about the oxidation mechanism. 

l Pettine and Millero (1990) investigated the rate of oxidation as a function of pH. 
The relationship has a slope almost equal to unity, and thus _for each ‘unit drop in pH, the 
rate of oxidation also decreases by approximately an order of magnitude. As a result 
this relationship, Cr(IH) oxidation may be much less pronounced in neutral to acidic 
lakes compared to ocean waters well buffered at pH = 8.2. At low pH;,- however, the 
dissolution of Mn oxides will compete. with the oxidation reactions while at high pH, the 
precipitation of Cr(OH)3 on the surface of the Mn oxide will limit the available reaction 
sites and hence slowing the rate of oxidation (Fendorf a_nd Zasoski, 1992). - 

The effect of ionic strength has not beeniresolved. Schroeder and Lee (1975) 
state that the oxidation of Cr(HI) by MnO2 is greatly inhibited in filtered lake water 
compared to distilled water, due possibly to competition for sorption sites with Ca(II) 
and Mg(H). Contradicting this hypothcsis,‘Johnson and Xyla (1991), conclude that the 
reaction with MnOOH is independent of ionic. strength. It has been proposed that the rate 
of Cr(III) oxidation will be more rapid in freshwater due to lesser competition for . 

sorption sites (Van dcr Weidjen and Reith, 1982). 
V . 

' 

Numerous authors have examined the oxidation of Cr(IH) to Cr(VI) by dissolved 
oxygen in well mixed surface waters. Eary and Rai (1987) observed no Cr(VI) 
fonnation when 19 Cr(HI) was in contact with 8 ppm dissolved oxygen, N akayama 
et.al. (l981c) reported no oxidation of 10 pM Cr(IH) with O2 after 300 hours, while Van 
dcr Weijden and Reith (1982) detected no oxidation of 2 ttM Cr(HI) after 6 weeks. Saleh

25



et al. (I989) estimated -the hall-life for_Cr(III) oxidation by dissolved oxygen in several 

freshwatersamples to be about 9 years. These studies point to the fact that even though 

the oxidation by O2 is favoured thennodynamically, the kinetics are extremely slow, and 
the reaction can be considered to be environmentally unimportant. - 

‘

‘ 

In a number of recent papers, Pettine has proposed that H202 is the dominant 
oxidant for Cr_(HI) innatutal waters (Pettine and Millero, 1990; Pettine et a1., 1991; 

1992). Baloga and Earley (1961) were, in fact, the first. to show that low concentrations ' 

of_I_-I202 can readily oxidize Cr(III). Under alkaline conditions, the reactions can be 

represented schematically as follows: 
p p 

. -

A 

31). 2cr(on); + 30oH- <=> + 41120 + 11+ .

l 

In acidic systems, the reaction can be considered to be analogous to the Fenton reaction: 

32). F¢6+ + H202, -> Cr3"' + 011- + OH‘ 
A

. 

The calculations by Pettine and Millero__¢(1990) actually suggest that such a reactioncan‘ 

control the Cr(VI)/Cr(III) ratios in the ocean. Using a concentration of 1.9 pM Cr(IH) 
and 0.4 mM H202, they derived a half‘-life of 24 days for Cr in the ocean (Pettine and 
M_i_lle_ro, 1990), but subsequently changed the figure to 45 days by considering the 

interact:ions_C_r species with C032" and B(OH)4' (Pettine et.al., 1991). In the original 
paper it was stated that as low a concentration as 100 nM H202 could control the half- 
life of Cr(IH). Whether the information regarding oxidation kinetics and speciation

_ 

presented by Pettine et.al. /(1991) are applicable to lacujstrine environments remains - 

unclear at this time. 
_ 

-

_ 

Pettine et al.(199l) have also proposed that Cr and B may combine to form mixed 
ligand complexes such as Cr(H2O)5B(_OH)42'* or Cr(H2O)5-X(OH)X[B(_0H)4](2‘X)+, 

and have suggested 
V that these complexes may influence thekinetics of Cr(IH) oxida_tion_ 

to Cr(VI) especially in environments containing appreciable concentrations of boron. 

They emphasized, how.¢ver,- that while» borate. does not seem to affect equilibrium ‘Cr(III) 

speciation or solubility, it can influence the dynamics of chromium in natural waters. ' 

V26,



Although N akayama et.al. (198 lb) also observed that borate ions decreased the recovery 
of Cr(III) with their coprecipitation technique, they provided no further insight on this 

observation. The addition off other elements can likewise effect the oxidation of Cr(IH) 

by H202, most notably Mg and C032‘. High Mg concentrations (overl0'2~5 M) slowed 
the oxidation kinetics by strongly increasing the aging of Cr(lII) while the addition of 

C032‘ did not affect the rate of oxidation but increased the rate of precipitation of solids 
compounds such as CrC030H, (Pettine'e_t.a_l., 1991). When spikes of Cr(IH), B and 
H202 were added to natural seawater, the effect of B was much less pronounced,

_ 

possibly due to the faster C032‘ precipitation kinetics (Pettine et.al., 1991). Addition of 
sulphate ionscaused no observable effect . 1 

' ’
u 

One reaction pathway for the oxidation of Cr(IH) that does not appear to have 
been examined in the literature is reaction with hydroxyl radicals, OH‘ . Hydroxyl 

_

_ 

radicals are extremely reactive transients that can oxidize most organic substances (Zepp 

et.al., 1992), and are among the strongest known environmental oxidants (Walling and 
Johnson, 1.975; Zafiriou et.al., 1984). In natural waters, these radicals result from the 

photolysis of nitrate, ferric hydroxide complexes and H202, and as a product of other 
photochemical reactions (Zepp et_.al.,' 1992; Sun and Pignatello, 1993). A possible 
formation reaction for the hydroxyl radical has been given above, audits oxidation of 

Cr(IH) can be depicted as follows: ' 

33). 3 Cr3+ +"'0H', §> cr6+ + 014- l
4 

Zepp et.al. (1992) showed that the production of OH‘ is quantitative over the pH range 
of 3 to 8 for Fe, and thus should occur readily in surface water environments containing 

adequate DOC, H202, particulate ferric hydroxide and sunlight. The hydroxyl radical is 
extremely reactive, however, and numerous other species could scavenge it, such as ‘ 

H202, Fe(H), Fe(III) and various organic ligands (Kieber and Helz, 1992). 
'

. 

, 

V 

The linkage between the iron and chromium cycles thus goes beyond the simple 
scavenging of chromium by particulate Fe compounds. Both iron hydrogen-peroxide 
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participate in several looped photochemical reactions which can result in either the 

reduction or oxidation of Cr in natural waters. These reactionsreinforce the role of the 

surface microlayer in the cycling of-' chromium. Many lakes acquire La significant portion 
of their Cr budget from the atmosphere. The aerosols from high temperature combustion 
sources often contain” large amounts of Cr(_III) which can be dissolved by photochemical 

reactions upon entering the lake, The mobilization of ‘Cr in the photic zone is a matter of 

significance to the aquatic biota with an essential requirement for chromium. ’ 

Biological Influence 
_ 

' ‘ 

Since chromium participates in the ocean biological cycle, its concentration 

should be positively correlated with the major nutrient elements, notably phosphate, 

nitrate and dissolved silica (Burton and Strathan, 1990). The available data suggest that 
Cr is better correlated with silica, suggeting that it is preferentially incorporated.into the 

diatom fmstules (Mayer, 1988). Pettine et a1. (1992) reported a significant positive 

correlation between total dissolvedchromium (CTQ and total dissolvedophosphorus in,Po 

River (It,aly)- thecorrelatiofn equation being. ' 

34). cr',(n1vr) = 4.04 ’+ 6.45 um P03’ ; .r=0.69 -

- 

Few other studies have found any significantcorrelation between Cr and the nutrient 
elements in lacustrine environments, however, ' 

_

' 

; As an essential element, chromium is bioaccumulated by a variety of organisms _ 

in lakes (Mance, 1987). The bioaccumulation factors (ratioof concentration in-organism 

to that in water) for freshwater organisms range from 100 to over 120,000 in polluted 

waters (Jackson, 1988; Havas and Hutchinson, 1987). The Cr assimilated by an 
_

' 

organism is reduced to Cr(IlI) within the cells so that the organic debris and remains are 

likely to be enriched‘ in chromium, Particulate organic matter and fecal pellets are 

excellent scavangers for both Cr(III) and Cr(VI) inthe Water ~col111nn'(JackSbn et 81-, ‘

i 

1980; Santschi, 1988). Intuitively, therefore, one would expect the Cr cycle to be 
H l 
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strongly influenced by biological processes in lakes. Unfortunately, most of the available 
. . 

I _v _ 

databases on Cr concentrations in lakes have been compromised by contamination - 

artifacts and the poor data quality hastended to mask any linkages between the/Cr and 

biological cycles in lakes. g 

' 

V 

’
' 

General Conclusions 
‘ 

l 

‘

- 

The dominant physical and chemical processes that control the distribution and 

fate of Cr in various zones of given lake are shown in Figure 7. In general," the behaviors 

of trace metals in lakes can be classified into two principal categories: (a) conservatively 

behaved, and (b) particle dominated or scavenged. The concentrations of elements in _ 

group (a) are controlled primarily by proximity to pollution sources and by the mixing of 

waters with different levels of the particular trace element. They have high mean 
residence times in the water column because of the low geochemical reactivity. Group 

(b) elements are readily hydrolzed and because they are highly particle-reactive, their 

residence time in water tends to be short. During the summer time, they may show a 

positive correlation with the biologically essential micronuuients, and their 

concentrations may be closely tied to the particulate organic matter driven by primary 
production in the lake. 

‘

l 

Because of their geochemical characteristics, the two principal redox species of . 

chromium fall into the two different categories defined above. In an oligotrophic lake, 

such as Lake Ont_ario,.where Cr'(-VI) predominates (Beaubien, l993,_thesis in 

preparation), the profiles of dissolved Cr tend to remain constant or show slight features 
associated with atmospheric fluxes to the epilimnion or Cr removal in the nepheloid . 

layer. The spatial distribution should also be unifonn but with elevated levels expected 

near the major point sources and close to the major tributaries. Algal bloom may change 
the particulate-to-dissolved Cr ratios andpcan result in patchiness in both dissolved and
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particulate concentrations especially in nearshore waters. "

‘ 

-The contrasting geochernistries of Cr(I'I'I') and Cr(VI) are better demonstrated in 

meromictic lakes; Because of the permanent stratification, a build-up of Cr in the 
epilirjnnion can be expected because of atmospheric inputs and the photo-oxidation of 

aerosol-bound Cr(I1I) to _Cr(VI) in the surface microlayer. The anaerobic hypoliminion, 
by‘cont:ra_s_t, should marked by severe depletion of Cr due to the reduction of Cr(V I) to 

particle-seeking Cr(lII). In anaerobic lakes that turnover in the spring and fall, a 

seasonal removal of chromium from the water often occurs but the Cr cycle is 

complicated by the development of oxidized sediment layers where any deposited Cr(III) 

is re-oxidized (see Johnson et al., 1992; Balistrieri et al., 1992). The combined effects of 

strat_i_fi_c'ation and biogeochemical processes on the development of the various typesof 

dissolved Cr profiles in lakes are shown in Figure 8. 

The processes that determine the levels and distribptions of the various Cr species 

are depicted in Figures 2 and 7. It shows the unique features of the chemistry of 

chromium which are unlike those of any other element. In contrast to Cr, both Fe and 

Mn are readily oxidized to insoluble and highly particle-reactive species and reduced to 
soluble reactive species, The interfaces serve different functions in the geochemistries of 

Cr, Fe, and Mn: oxidative dissolution of Cr occurs at the air-water interface while 
reductive dissolution typifies the sediment-waterinterface. The time-dependent

_ 

processes at the-interfaces and theslow -kinetics of the redox-sensitive reactions often ' 

result in a departure -from equilibrium conditions in the distribution of the various
A 

chromium species in lakes. 1 
,

' 

7 

30‘



I

V 

, 
REFERENCES . 

Aboul,Dahab, O. 1989." Chromium biogeochemical cycle in Abu Kit Bay, east of Alexandria; 
Egypt. Estuarine &Coastal She?" Sci. 29: 327-340 » 

Ahem F., Eckert J.M._, Payne N.C. and Williams K.L.- (1985) Speciation of Chromium in Sea 
'Water. Analytica Chimica Acta. 175, 147-151. ' 

. 

- 
~ 

.

A 

~.Ajai, S.O. and VanLoon, G.W. 1989. Studies on redistribution during the analytical 
- 

- fractionation of metals in sediments. Sci. Total Environ. 88: 1471-187» 

Allison, J.K., Brown, D.S. and Novo-Gradac, K.J. 1990. MINTEQA2/PRODEFA2, A
a 

geochemical assessment model for environmental systems: Version 3.0 Available from 
’ 

the Environmental Research Laboratory, Office of Research and Development, -U.S._ 
Environ. Protection Agency, Athens, Georgia »

\ 

Amacher, M.C., Salim, H_.M. and Iskander, I.K. 1988. Kinetics of chromium (VI)‘and cadmium 
retention in soils; a nonlinear multireaction model. Soil Sci. Soc. Am J. 52: 398-408 

Ayres, R.U., Ayres, L.W., McCur1ey, J., Small, M., Tarr, J».A. and Ridgery, R.C. 1985. An 
_ 

Historical Reconstruction of Major Pollutant Levels inthe Hudson-Raritan ‘Basin, 1880- - 

' 

" 

19,80. Variflex Corporation, Pittsburgh, Pennsylvania. 
A 

a

‘ 

Baes C_._F., Jr. and Mesmer R.E. (1976) The Hydrolysis of Cations. Wiley, New York. -- 

Balistrieri L_.S., Brewer P.G. and Murray J.W. (1981) Scavenging residence times of trace metals 
' and surface chemistry of sinking particles in the deep ocean. Deep-Sea Res. 28A, 101- ~ 121..

. 

Balisuieri L.S.,- Murray J.W. and Paul B. (1992) The biogeochemical cycling of uace metals in 
the water colum of Lake Sammamish, Washington: Response to seasonally anoxic - 

* conditions. Lirnriol. 0cea_nogr.. 37, 529-548. 

Baloga M. and Earley J. (1961) The kinetics of the oxidation of Cri(I¢II) to Cr- (VI) by hydrogen 
' 

7 peroxide. J. Am. Chem. Soc. 83, 4906-4909. I 
t

. 

Bartlett, RJ. 1991. Chromium cycling in soils and water: links, gaps and methods. Environ. 
Health Perspectives, 92”: 17-24 e 

, 

" 
'

_ 

Bartlett, R,J. and Kimble, LM. 1976. Behavior of chromium in soils: trivalent and hexavalent 
- forms. J. Environ. Quality, 5: 379-386 - 

'

. 

Beveridge T.J. and Doyle _R.J. Metal Ions and Bacteria John Wiley & Sons. 1989.



/

\ 

Borg, H. 1987. Trace metals and water chemistry of forest lakes in northem Sweden. Water 
Res. 21: 65-72 . 

' 
‘ 

. 
.

' 

Boussetnart M. and van den Berg C.M.G. (1991) Determination pf chromium speciation in sea- 
water. Analytical Proceedings. 28, 68-70. ‘

’ 

Boyko S,-L. and Goodgame D.M.L. (1986) The interaction of soil fulvic acid and chromium (VI) 
produces relatively long lived water soluble chromium (V) species. Inorganica Chimica 
Acta. 123, 189-191. ' 

. 

' 
‘ ' 

Burgess J. (1992) Kinetic aspects of chemical speciation.,Analyst. 117, 605.-611.
W 

- 

n Burke, T., Fagliano, J., Goldoft, M.,.Hazen,_R.E., Iglewicz, R. and McKee, T. 1991. Chromite 
ore processing residue in Hudson County, New Jersey. Environ. Health Perspectives, 92-: 
131-137 

h 

' 

.
, 

Bums R.G. 1970) Mineralogical Application of Crystal Pield Theory. University Press, 
' 

. London. 224 pp. 
_ 

V 
_ 

p 

_

‘ 

Burton, J.-D. and Stathan, P.J. 1990. Trace metals in seawater. In: Heavy Metals in Marine 
_ 

Environment (R.W. Furness and P.S. Rainbow, Ed_s,),' CRC Press, Boca Raton, Florida, 
‘ PP. .5-25 

p 

- 
P

~ 

Cahil1,R.A. and Shimp, N.F. 1984. Inorganic contaminants in Lake Michigan sediments. Adv.- 
_ Environ. Sci. Technol. 14: 393-423 ' ' 

‘ 
' 

1 ' 

Calder, L.M. 1988. Chromium contamination of groundwater. 'Adv. Environ. Sci. Technol. 20:_ 
215-229 

4 

- 
. 

V 

u

- 

_ 

Campbell, LA. and Yeats,.P.A. 1984. Dissolved chromium in the St. Lawrence Estuary. V 

. 

' Estuarine & Coastal Sheb‘ Sci. 1.9: 513-522 
_ 

_

_ 

- Cervantes C. (1991) Bacterial ‘interactions with chrornate. Antonie van Leeuwenhoek. 59, 229- 
- 233. 

. 

" 

' 

~ 
. . 

~ " 

‘C-huecas L. and Riley J .P. (1966) The spectrophotometric detennination of chromium in 
seawater. Anal. Chim. Acta. 35, 240-246. 

_ 

» - 

"
' 

Coleman, M.L., 1-ledrick, D.B., Lovley, D._R., White, D.C. and Pye,»Kl 1993. Reduction of 
,

' 

Fe(Hl) in sediments by sulfate-reducing bacteria. Nature, 361:’--436-438 
t 

- A 

_

. 

Collienne, R_.H. 1983. Photoreduction of iron in the epilimnion of acidic lakes. Limnol.
‘ 

Oceanogr. 28: 843-100 
' 

' 

.. 
, 

- 

_ 

g» » 

Cooper, W.J., Zita, R.'G.,Petasme,R.G. and Plane, J ._M.C_. 1988. - Photochemical formation Of» ,



H202 in naturalwaters exposed to sunlight. Environ. Sci. Technol. 22: 1156-1160 

Cotter-Howells, J“ and 'I‘homton, I. 1991. "Sources and pathways of environmental lead to 
children in a Derbyshire mining village. Environ. Geochem. Health, 13: 127-135 - 

Cranston R.E, 1983. Chromium in Cascadia Basin, northeast Pacific Ocean.‘ Marine Chemistry. 
1 ,-13.109-125.-I 1 I 

6 

-
1 

Cranston R.E. and Murray J.W. (1980) Chromium species in the Columbia River and estuary. 
Limnol. Oceanogn. 25, 1104-1112. F 

' 

_. 
-

4 

Davis, J.A. and Leckie, J .0. 1980. Surface ionization and complexation at the oxide/water " 

interface: 3. Adsorption of anions. J. Colloidal Interface Sci. 74: 32-42 

Deiana S., Gessa C. and.Usai M. (1991) Analytical study of the reduction of chromium (V I)iby 
D-galacturonic acid. Analytica Chimica Acta. 248, 301-305.

1 

Domenech, and Munoz, J. 1990. Photochemical elimination of Cr(VI)‘ from neutral-alkaline 
solutions. J. Chem. Technol. Biotechnol. 47: 101-107

. 

Douglas G.S., Mills G.L. and Quinn .l.G. _(1986) Organic copper and chromium complexes in the 
interstitial waters of ‘Narragansett Bay sediments. Marine Chemistry. 19, 161-174. 

Douglas, G.S., Mills, G_.L. and Quinn, J .G. 1986. Organic copper and chromium complexes in 
the interstitial" waters of Narragansett Bay sediments. Marine Chemistry 19: 161-174 

Dzombak,_D.A. and Morel, F._M.M. 1990. Surface complexation modelling: hydrous ferric 
. oxide. John Wiley & Sons, New York

_ 

Eary L.B-. and Rai D. (1987) Kinetics of chromium -(III) oxidation to chromium (VI) by reaction 
with manganese dioxide. Environ. Sci. Technol. 21, 1187-1193. '

- 

Eary L.E. and Rai D. (1988) Chromate removal from aqueous waste by reduction with ferrous r 

iron. Environ. Sci. T echnol. 22, 972-977. 1

' 

Eckert J.M., Stewart .I.J., Waite TD., Szymczak R., and Wi_1lijar_ns K.L. (1990) Reduction of 
V 

_chromiu_m (VI) at sub microgram. per litre levels by fulvic acid. Analytiea Chimica Acta. 
236. 357-362. . . 

" 
V 

- 

_
. 

Elder-field H. (1970) Chomium speciation in sea water. Earth and Planetary Science Letters. 9, 
10-16. ~- 

' 

-
' 

Elsokkary, I.H. and Muller, G. 1990. Assessment and speciation of chromium, nickel, lead and 
cadmium in the sediments of the Nile River, Egypt. Sci. Total Environ. 97: 455-463 

Erel Y. and Morgan J.-J. (1991) The effect of surface reactions on the relative abundaces of trace 
w '

.



metals in deep-ocean water. Geochimica et Cosmochimica Acta. 55, 1807-1813. 

Fendorf S.E. and Zasoslci R.J. (1992) Chromium (111) oxidation by -M1102. 1. Characterization.’ 
Environ. Techonol. 26, 79-85. -

p 

t ~ ‘
' 

Gammelgaard, B.-, Jons, 0. and Nielsen", B," 1992. Simultaneous determination of - 

. chromium(HI) and chromium(VI) in aqueous solutions by ion chromatography and i 

chemiluminescence detection. Analyst, 117: 637-640 
_

_ 

Gibbs, R.-J. 1977. Transport phases of transition metals in the Amazon and Yukon Rivers. Geol.’ 
Soc. Am. Bull. 88: 829-843 V '

- 

Harlow, H.E-. and Hodson, P.V. 1988. Chemical Composition of Hamilton A Review. 
Can. Technical Report No 1603, Fisheries and Aquatic Sciences Canada, Ottaws, 91 pp. 

Havas, M. and Hutchinson, T.C. 1987. Aquatic macrophytes as biomonitors of metals and
g 

t tnacronutrientsgin acidic and alkaline ponds at the Smoking Hills, Canada. In-: -Int. Conf. 
Heavy Metals Environ, CEP Consultants, Edinburgh, Vol. II, pp. 430-432 . .

t 

_Hiraide M. and Mizuide A. (1989) Separation and determination of chromiumn (V I) anions and 
t chromium (Ill) associated with negatively charged colloids in fiver water by sorption of

_ 

DEAE-Sephadex A-25.'Fre.s_enius Z Anal Chem. 335, 924-926. 
,

_ 

Hong, Y.T. and Forstner, U. 1983. Speciation of heavy metals in Yellow River sediments.
_ 

Int. Conf. Heavy Metals Environ. CEP Consultants, Edinburgh 
H'oneyr_na_n, B.D. 1984. Cation and anion adsorption at the oxide/solution interface in systems 

_ containing binary mixtures of adsorbents: an investigation of the concept of adsorptive .

' 

additivity. PhD Thesis, Stanford University, 
V 

_ . 

Jackson T.A.,.Kipph_ut G., Hesslein, R.A. and Schindler, D.W. (1980) Experimental_study of 
trace metal chemistry in soft-water lakes at different pH levels. Can. J. Fish. Aquat._ Sci;

_ 

t 37, 387-402. - 

8 

.
_ 

Jackson, M.B. 1988. The dominant attached filamentous algae of Lake Huron: Field ecology‘- 
. and biomonitoring potential during 1980. "I-Iydrobiol. 163: 149-171 

W
, 

Jaendel, C. and Minster, J.F. 1984. Isotope dilution measurement of inorganic chromium and 
. total chromium in seawater. Marine Chemistry 14: 347-364 _ 

James B.R. and Bartlett R.J. (1983,) Behaviour of chromium in soils:.VIl, Adsorption and 
_ 

reduction of hexavalent forms. J. Environ. Qual. 12, 17,7-18_1. 
_ _ 

Jannasch'H.W'., Honeyman B._D., Balistrieri L. and Murray’ J.M. (198.8) Kinetics of trace element 
uptake by marine particles. Geochim._Cosmoch_im. Actq. 52, 567-577. .



Johnson C._A_. (1990) Rapid ion-exchange technique for the separation and preconcentration of 
chromium (VI) and chromium (III) in fresh waters. Analytica Chimica Acta. 238, 273- 

. 278. . »

- 

Johnson C-.A. and Xyla A.G. (.1991) The oxidation of Cr(III) to Cr(VI) on the surface of 
manganite (Mn0OH). Geochim. Cosmochim. Acta. 55, 2861-2688. 

Johnson C.;A.~, Sigg L. and Lindauer U. (1992) The ‘chromium cycle in‘ a ‘seasonally anoxic lake. 
Limnol, Oceanogr. 37, 315-.321. ~ - 

Johnson, M_.G. 1991. Trace element loadings to sediments of ' fourteen Ontario lakes and 
correlations with concentrations in fish. Can. J. Fish. Aquar. Sci. -444: 3-13 -

' 

Kerndorff H. and Schnitzer M. (1980) Sorption of metals on humic acid. Geochim. Cosmochim 
.- Acta. 44, 1101-1708. ~ 

‘

~ 

Kieber RJ. and Helz G'.R. (1992) Indirect photoreduction of aqueous chromium (VI). Environ. 
t 

- Sci. Technol. 26, 307-312. r

- 

Leckie, J.O., Appleton, A.R., Ball, N.B_._, Hayes, K.F. and Honeyman-, B.-D. 1984. Adsorption 
' 

removal of trace elements from flyash pond effluents onto iron oxyhydroxide. Report . 

- No. EPRI RP¢910-1, Electric Powerkesearch Institute, P810 Alto, CA. 

Loring, D.H. 1979. Geochemistry of cobalt," nickel, chromium and vanadium in I116 $¢di.1I.1Bnts 
t 

_ of -the estuary and open Gulf of St. Lawrence. Can. J. Earth Sci. 16:’ 1196-1209 

Lump. K.R-. and Gammon, K.L. 1985. Geochemical availability of some trace and major
_ 

W 

elements in surficial sediments of the Detroit River and western Lake Erie. J. Great 
' 

Lakes Res. 1 1': 328-338 .

' 

Mance, G. 1987. Pollution Threat of Heavy Metals in Aquatic Environment, Elsevier, 
' 

_ Amsterdam, 372 pp. 
_ 

- 
- 

i 

_ A

' 

Masscheleyn P.H., Pardue J ._H., DeLaune R.D. and Patrick Jr. W.H. (1992) Chromium redox 
chemistry in a lower Mississippi valley bottomland hardwood wetland. Environ. Sci. 
Techno]. 26, 1217-1226. . 

8 " 

I 

'

. 

Mayer L.M. V, Schick L.L. and Chang C.A. (1984) Incorporation of trivalent chromium into » 

riverine and estuarine colloidal material. Geochim. Cosmochim. Acta. 48, 1717-1722. 

Mayer, L.M. 1988. Geochemistry of chromium in the oceans. Adv. Environ. Sci.'Techn0l. 20: 
1.73-187 . 

- 

' ' 

Mayer, L.M. and~Fi'nk, L.K. 1980. Granulmctric dependence of chromium accumulation in 
. 

_ 
estuarine sediments in Maine. Estuarine Coastal Mar-. Sci. 11; 491-503 

I 8

-



Meranger, J .C., Subramanian, I(__.S. and _Ch_alifoux, C-. 1979. A national survey for cadmium, 
chromium, copper, lead. zinc, calcium and magnesium in Canadian drinking water -‘ 

supplies. Environ. Sci. Technol. 13: 707-711 »
" 

MOE . 1991. Water Quality Data: Ontario Lakes and Streams? 1987. Water Resources 
. Branch, Ontario Ministry of the Environment, Toronto ‘

' 

Morrison G.M.-P.- 1989. Trace Element Speciation and its Relationship to Bioavailability and. 
Toxicity in Natural Waters. .IN: Trace Element Speciation-g: Analytical Methods and 
Problems, eds. Batley (LE. CRC Press, Inc. Boca Raton, Florida. - 

Mullins T.L. (1984) Selective separation and determination of dissolvedchromium species in 
natural waters by atomic absorption spectromeu-y. Analytica Chimica Acta. 165, 97-103. 

_ 

Murray J.W. (1987) Mechanisms controlling the distribution fo trace elements in oceans and 
' 

lakes. Sources and Fates of Aquatic Pollutants (eds. Hites and Eisenreich S.J.) American 
Chemical Society.- 153-184. 

' Murray J.W., Spell B., and Paul B. (1983) The contrasting geochemistry of manganese and 
chromium in the eastern tropical Pacific.Ocean.. IN: Trace metals in sea water. NATO 

» Conference Series 4, Marine Science, vol 13. Plenum, pp 643-669.
' 

w 
» 

. . 

_
. 

Nakayama E., Tokoro H., Kuwanioto T., and Fujinaga T. (19_81a) Dissolved state of chromium 
. 

. in seawater. Nature. 290, 768-770.
_ 

Nakayarna E., Kuwarnoto T.-, Tsurubo S., Tokoro H., and Fujinaga T. (l981b) Chemical ~ 

speciation of chromium in sea water. Part 1: Effect of naturally occuring organic ‘_g
_ 

' 

materials On the complex formation of chromium (III). Analytica Chimica Acta. 130, 
. 289-294. .

' 

Nakayama E..,_Kuwamoto T .,‘Tsurubo S,., Tokoro H., and Fujinaga T. (19810) Chemical 
speciation of chromium in sea water. Part 2: Effects of manganese oxides and reducible 
organic materials on the redox processes of chromium. Arialyrica Chimica Acra. 130, 
401-404. . 

.

' 

Nakayama E., Kuwamoto T., Tsurubo S., Tokoro H., and Fujinaga T.‘ (198ld) Chemical . 

speciation of chromium in sea water. Part 3: The determination of the chromium species 
Analytica Chimica Acta. 131, 247-254. 

_ 
,

' 

' 

Neilson, M.;A. 1979; Trace Metals in Lake Ontario. Environment Canada Scientific Series. 
' Report No. 138, Water Quality Branch, Inland Waters Directorate, Ottawa. . . 

\ 
- 

. 
. 

_\ 
I 

. Nelson, D.W. and Sommers, L.E. 1982. ' 

Total carbon, organic carbon, and organic matter. In: 
' 

Methods of Soil Analysis, Part 2 (R.C. Din_aur, Ed._), American Society of Agronomy . 

lnc., Madison, Wisconsin, pp. 539-580 _ 

p 

- 

- 

‘ 

- 

‘ 

. 

' 

_ 

'

_

~



Nieboer, E. and Jusys, A.A. 1988. Biological chemistry of chromium. Adv. Environ. Sci. 
Technol. 20: 21-79 , 

Nriagu, J .0. and Soon, Y.K. 1985. Distribution and isotopic-composition of sulfur in sediments 
of lakes of northem Ontario. Geochim. Cosmochim. Acta 49: 823-8-34 ' 

Nriagu J.O. and"Pacyna J.-M. (1988) Quantitative assessment of worldwide contamination of air, 
- water and soils by trace metals. Nature. 333, 134- 139. ‘

_ 

Nriagu J .O., Wong H.K.T., and Snodgrass W._J. (1983) Historiea1_rec'ord_s of metal pollution in 
. sediments of Toronto and Hamilton harbours. J. Great Lakes’ Res. 9, 365-373. 

Nriagu, J-.0. 1988a. Historical perspectives on chromium. Adv. Environ. Sci. Technol. 20: 1-19 

Nriagu,'J».O. 1988b. Production and uses of chromium. Adv. Environ. Sci. Technol. 20: 81-103 

Nriagu, 1.0. 1984. Formation and stability of base metal phosphates in soils and sediments. In: . 

. Phosphate Minerals (J .0. Nriagu and P.B. Moore, Eds.), Springer-Verlag, pp. 318-329 ' 

Obiols. J., Bevesa, R., Garcia-Berro, J. and Serra, J. 1987. Speciation of chromium in waterjby 
coprecipi_t_atiQI_1-AAS,. Int. J. Environ. Anal. Chem. 30: 197-207‘ ‘ 

Osaki S., Osaki T., Hirashima N. and Takashima Y. (1983) The effect of organic matter and 
colloidal particles on the determination of chromium (VI) in natural waters. Tdlanta. 

~ 30.523-526. 
_ 

" '
- 

Ozaki T., Yoshimura T. and Okuno T. (1991) Distributions and behaviour of chromium species 
W 

in natural waters - The chemical changes of chromium in the Ibo River and 
Nada. Nippon Kagaku Kaishi. 8, 1149-_l'1'52. '

‘ 

Palmer, C.D. and Wittbrodt, P.R. 1991. Processes affection the remediation of chromium- 
' contaminated sites. Environ. Health Perspectives, 92: 25-40 

_ 

'
9 

Pankow J.F., Leta D.P., Lin .J.W., Ohl S.E., Shum W.P_. and Janauer G.E. (1977) Analysis for 
chromium traces in the aquatic environment. Part II: A study of Cr (III) and Cr (VI) in 
the Susquehanna River Basin of New York and Pennsylvania. Sci. Total Environ. 7, 17- 

Pettine M. and Millero FJ. (1990) Chromium speciation in seawater: the probable role of ‘ 

hydrogen peroxide. Limnol. Oceanogr. 35, 730-736. 
_ 

. 

'

_ 

Pettine M., Camu sso Mland Martinotti W. (1992) Dissolved and particulate transport of - arsenic
h 

and chromium in the Po River (Italy). Sci. Total Environ. 119., 253-280. 

Pettine M., Millero F.J. and La Noce T. (1991) Chromium (III) interactions in seawater through 
_ 

its oxidation kinetics. Marine Chemistry. 34, 29.-46. 
g 

. 

A 
_

" 

. 
\

.

W



Pignatello LL (1992) Dark and photoassisted Fe 3* catalyzed degradation of chlorophenoxy 
_< herbicides by hydrogen peroxide. Environ. Sci. Technol.. 26, 944-951. ' 

. 
-

~ 

Podoski, J.E., Leonard, E.N., Flanclt, J.T., Anderson, L.E_., Olson, G.F. and Glass, G.E. 1978. 
Factors in‘ the detennination of selected trace elements in nearshojre ULS. waters of Lakes 
'Superior and Huron. J. Great Lakes Res. 4: .206-215 ' ‘ 

1

’ 

Poulton DJ. (1992) Heavy metals and toxic organic contaminants in effluents, water and 
sediments of the Bay of Quinte, Lake Ontario. J. Great Lakes Res. 18, -390-404.. 

Rai, D., Zachara, J.~M.-r, Eary, L.E., Ainsworth, C.C.,, Amonette, .l.E., Cowan, C.E,_ Szelrneczka, 
R.W., Resch, C.T.», Schmidt, R.L., Girvin, D.C. and Smith, S.C. 1988. Chromium 

_ 

reactions in geologica materials. EPRI Report No. EA’-5741, Elecnic Power Research
A 

Institute, Palo Alto, CA. t 

' 

» f 
*

, 

Raj D., Eary L.E. and Zachara J.M.. (1989) Environmental chemistry" of chromium. Sci.» Total 
Environ. 86, 15-23. 

9 

7 - 

Rai D., Sass B.M. ~Mo'ore‘D.-A. (1987) Chromium (III) hydrolysis constants and solubility of chromium (I_I’I’) hydroxide. Inorganic C 26, 345-349.
V 

Richard F.C. and Bourg A.C.M.- (1991) Aqueous geochemistry of chromium: a review. Water 
Research. 25, 807-816. 

. 

_

I 

Riedel G.G. (I985) Photoreduction of Cr('V'l) in natural waters [abstract] Eos 6.6, 1257. 

Rossman R. and Barres J. (1988) Trace element concentrations in near surface waters of the ' 

' 

Great Lakes and methods of collection, storage, and analysis. J. Gre_atLakes Res. 
b 
14, 

188-.204. ’ 

. 

8

, 

Sager, M,., Pucsko, R. and Belocky, R. 1990. Evaluation of thespeciation of inorganic '

. 

cons_tit_uents in sediments of the resiervoir at Altenworth of the River Dejnube. Arch. s 

Hydrobiol._SllPPl. 84: 37-72 - 
'

8 

-Saleh F.Y., Parkerton T.F.', Lewis R.V., Huang .l.H.'and Dickson K.L._(1989) Kinetics of
A 

chromium lZI'El_[1_SfQfii18fi0l1S in the environment. Sci. Total Environ. 86, 25-41. ' 

Samanidou V, and Fytianos, K. 1990. Mobilization of heavy metals from river sediments of 
_

‘ 

I 
northern Greece by compleking agents. AWater,_Air‘ &_Soil Pollut. 52; .2-17-225 

1 ' ' 

Samant, H.S., Doe, K.G. and Vaidya, O.C. 1990. An integrated chemical and_biolog_ica1‘st_udy 
of the bioavailability of metals in sediments from two contaminated harbours 111 New 

' 

Brunswick, Canada. Sci. Total Environ. '96: 253-268 
_ _ 

» 

_. .- 

Santschi P.H. (1988) Factors controlling the biogeochemical cycles, of traceelements in fresh -V -



and coastal marine waters as revealed by artificial radioisotopes. Limnol-. 0ceanogr.. 33, 
848-866. . 

'
i 

Sass B.M. and Rai D. (1987) Solubility of amorphous chromium (IH) - iron (III) hydroxide solid 
' 

solutions. Inorganic Chemistry. 26, 2228-2232.
’ 

Schroeder D.C. and Lee G.F. (1975) Potential transformations of chromium in natural waters. 
Water Air'and Soil Pollution. 4, 355-365. 

Schwertmann, U., Gasser, U. and Sticher, H. 1989. Chromium-for-iron substitution in synthetic 
goethite. Geochim. Cosmochim.Acta 53: 1293-1297 '

_ 

Steinberg, C.E.W. and Hogel, H. Forms of metals in sediment core of severely acidified 
northern Blaek.Forest lake. Chemosphere 21: 201-213 

. 
.

I 

Stollenwerlc, K.G. and Grove, D.B.- 1985. Reduction of hexavalent chromium in water samples 
acidified for preservation. J. Environ. Quality 14: 396-399 ~ 

- 

_

’ 

Stunzi I-1., Spiccia I..,>Rozinger P. and Marty W. (1989) Early stages of the hydrolysis of ~ 

chromium (III) in aqueous solution. Part .4: Stability constants of the hydrolytic dimer, ' 

trimer, and tetramer at 25°C and I = 1.0 M. Inorganic Chemistry. 928, 66-71. ‘

_ 

Sun, Y. and Pignatello, J .J . 1993. Photochemical reactions involved in the total mineralization 
of 2,4-D by Fe3'-*/H202/UV. Environ. Sci. Technol. 27: .304-310 

Syracuse Research Corporation (1989) Toxicological profilefor chromium. Agency for Toxic 
Substances and Disease Registry (ATSDR) U.S. Public Health Service; Atlanta, Georgia. 
ATSDR/TP-88/IO. I

3 

Tipping and Cooke D. (1982) The effects of adsorbed humic substances on the surface charge 
of goethite (a-FeOOI-I) in freshwaters. Geochim. Cosmochim. Acta. 46, 75’-80. 

Van der Weijden .C.H. and Reith M-. (1982) Chromium (IH) - chromium (VI) interconversions in 
seawater. Marine Chemistry. ll, 565-572. 6 

' 

»
. 

Vararaghavan, T. and Rao, G.A.-K. 1991. Adsorption of cadmium and chromium from 
wastewater by pflyash. J. Environ. Sci. Health, A26: 721-752 '

' 

Waite T.D. (1988) Photochemical effects-in the mobility andfate of heavy metals in the aquatic‘ 
environment. Environmental Technology Letters. 9, 9,77-982. t

- 

Waite, T.D. and Szymczak, R. 1993a. Manganese dynamics in surface waters of the eastern 
4 Caribbean-. J. Geophys. Res. 98(C2): 23.61-2369 4 

. 

- 

.

' 

Waite, T.D. and Szymczak, R. 1993b. Pariculate iron formation dynamics insurface waters of _ 

the eastem Caribbean. J. Geophys. Res. 98(C2): 2.371-2385 '

p



Walling C. and Johnson R_.A. 1975. Fenton's reagent: V. Hydroxylation and side-chain clevage 
of aromatics. J. Am. Chem. Soc. 97 ': 363-367. ~

‘ 

Wen g W., Tian L., Nowels G. and Rowan Gordon N. (1991) Chromium (III) complexes from 
Cr042'.reduction at pH 7. Inorganica Chimica Acra. 188, 85-90. J 

Young, T.C., DePin_to, J;V. and Kipp‘, T.W. 1987. Adsorption and desorption of Zn, Cu, and Cr 
by sediments from the Raisin River (Michigan). J. Great Lakes Res. 13: 353-366

_ 

Zachara J .M., Girvin D.C., Schmidt R.L. and Resch C.T. (1987) Chromate adsorption on - 

, 

' 

amorphous iron oxyhydroxides in presence of major groundwater ions. Environ, .§'ci. 
Technol. 21, 589-594. - 

-

i 

Zafiriou O.C, Joussot-_Dubien J.,Zepp R,G. and Zika R.G. (1984) Photochemistry of natural 
waters. Environ. Sci.’ Technol. 1'8, 1358A-371A. '

i 

Zepp ‘R,G., Faust B.C. and Holgne J. (1992) Hydroxyl radical formation in aqueous reactions
l 

V 

(pH 3-8) of iron (H) with hydrogen peroxide: The photo-Fenton reaction. Environ. Sci. 
Technol. 26, 313.-319. 

' 

» 
t V

(

/



FIGURE CAPTIONS . 

_.

g 

FIG. 1: Diagram showing the stability fields, for the redox species of chromium under 
typical environmental conditions. From Palmer and Wittbrodt, 1991. . 

4 

"
_ 

FIG. 2: Schematic diagram showing the dominantreactions, transformations and transport 
mechanisms involved in the geochemical cycling of chromium in l_acu§strineenvironments. 
The figure represents a period during thermal stratification, where the oxic/anoxic 
boundary hasmigrated from the sediments into the water column. Note that many of the 
reactions can occur in numerous parts of the system (as shown in Fig.7) depending upon 
local conditions.‘ 

I

. 

FIG. 3: _Plot showing the relationship between pH and the Cr(III) concentration as 
controlled by mineral solubility. The lines represent various mineral phases as calculated 
or measured by the authors indicated. After Saleh et.al., 1989. I 

FIG. _4: Figure showing the dependence of various metal chromate solubilities on solution 
pH. MlN'I'EQ_A2 (Allison et.al., 1990) was used to generate the curves, assuming an initial 
solution of pure water and chemical equ_i_libr_ium at 25°C. 

FIG. 5: Percent Cr(IH) sorbed onto the surface of hydrous ferrous oxide under the 
conditions shown as a function of pH, Figure shows the model fit by Dzombak and Morel 
(1990) of experimental data by Leckie et._al. (1984). 

FIG. 6: Percent Cr(VI) sorbed as a function pH onto various mineral phases. Note the 
strong sorptive capacity of the various Fe oxides and oxyhydroxides in comparison to the 
other phases, and the circumneutral position of the sorption edge (From Rai et.al.-, 1988). 

Fig. 7: Schematic diagram showing the various regions within a lake over-"which a physical 
or chemical process may dominate the cycling of chromium. The various boundary layers 
shown may or may not occur in any given lake, and relative positions may change with 
time. Note the large number and common overlap of the various mechanisms, implying the 
interaction of multilple processes. 

' 

_

' 

Fig. 8: Schematic diagram showing total dissolved chromium concentrations as a function 
of depth Within a thermally stratified lake. The four curves represent control of Cr ' 

concentration by the following mechanisms: (1) surface enrichment due toatmospheric 
input, river input, or photic or biological reactions; (2) depletion with depth due to 
scavenging of Cr by sorption to settling particles; (3) depletion of total dissolved 
chromium at depth within a strongly reduced envirorunent due to the lower solubility of ‘ - 

the reduced Cr(III) form relative to the oxidized Cr(VI) fonn; and (4) surface depletion 
and enrichment with depth due to the uptake of Cr by siliceous organisms. The figure 
assumes equilibrium conditions and that only one mechanism dominates each 
concentration ‘profile. 
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