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Iron Photoreduction and Oxidation in an Acidic 
Mountain Stream 

In a small mountain stream in Colorado that receives acidic mine drainage, photore- 
duction of ferric iron results in a well-defined increase in dissolved ferrous iron dur- 
ing the day. To quantify this process, an instream injection of a conservative tracer was 
used to measure discharge at the time that each sample was collected. Daytime 
production of ferrous iron by photoreduction was almost four times as great as 
nighttime oxidation of ferrous iron. The photoreduction process probably involves 
dissolved or colloidal ferric iron species and limited interaction with organic species 
because concentrations of organic carbon are low in this stream. 

H YDROUS IRON OXIDES, WHICH 

commonly occur in aquatic envi- 
ronments, may influence the 

chemistry and transport of trace metals and 
natural organic material by adsorption and 
coprecipitation reactions. We present results 
of a field experiment in which production of 
ferrous iron, Fe(II), by photoreduction was 
measured quantitatively in a small Rocky 
Mountain stream that receives acidic mine 
drainage. A well-defined increase in dis- 
solved Fe(I1) occurred with increasing light 
intensity. There are several pathways by 
which diel cycling of iron through photore- 
duction and oxidation will influence other 
chemical or microbial processes. This diel 
cycle may contribute to the increased abun- 

D. M. McKnight and B. A. Kimball, U.S. Geological 
Survey, Water Resources Division, Denver Federal Cen- 
ter, Denver, CO 80225. 
K. E. Bencala, U.S. Geolo ical Survev, Water Resources 
Divis~on, 345 Middlefiefl Road, 'Menlo Park, CA 
94025. 

dance of amoruhous iron oxides over that of 
more crystalline forms in streams; arnor- 
phous oxides are more reactive in adsorbing 
metal and organic species (1). Die1 photore- 
duction and oxidation of iron, and other 
metals such as copper (2 ) ,  may be a source 
of scatter in long-term data sets of metal 
concentrations i n  acidic streams and lakes 
(3 ) .  

St. Kevin Gulch, in Colorado, is repre- 
sentative of the more than 600 km of stream 
reach in the state that is contaminated with 
acidic mine drainage ( 4 ) .  This small tribu- 
tary of Tennessee Creek is located 7 km 
northwest of Leadville and receives acidic, 
metal-enriched drainage (5)  from mine tail- 
ings and abandoned mines (Fig. 1). Silver 
sulfide ore in veins in quartz-biotite-feldspar 
schist and gneiss was mined more than 80 
years ago. The 247-m reach that was studied 
(between sites SK40 and SK50 in Fig. 1) 
begins 1185 m downstream from the in- 

flows from the tailings. Hydrous iron oxides 
are abundant on the stream bed in the study 
area. 

Accurate measurement of discharge is 
necessary for calculation of mass flow (6). 
We used the dilution gauging technique (7, 
8); a solution of 4 . M  LiCl was injected 
into the stream at a site 360 m above the 
mine at a constant rate of 2 7  ml min-' 
during a 36-hour period. The steady-state 
Li+ concentration was 0.76 r 0.02 mg li- 
ter-' at SK40 and 0.75 2 0.02 mg liter-' at 
SK50 (mean 2 SEM, n = 40). Background 
Li+ concentrations were approximately 
0.004 mg liter-'. Discharge was calculated 
from the mass balance of the injected Li+ 
and the concentration of Li+ in the stream 
for each time point at both sites. The travel 
time was about 4 hours from the mine site 
to SK40 and was 40 minutes from SK40 to 
SK50, as determined by comparing the lead- 
ing and trailing edges of the injected tracers 
(7, 8). 

Samples were collected at hourly intervals 
at SK40 and SK50 from before sunrise at 
0500 on 19 August 1986 until 1800 on 20 
August 1986 (9, LO). The iron concentra- 
tions that were determined by inductively 
coupled plasma spectrophotometry (ICP) 
for the 0.1-p,m filtered samples (filterable 
iron) were consistently greater than iron 
concentrations that were obtained with ad- 
dition of the hydroxylamine reductant in the 
colorimetric procedure (reactive iron) (Ta- 
ble 1). Ultrafiltration measurements showed 
that colloidal iron was about 50% of the 
filterable iron; because this amount was 
more than the difference between filterable 
and reactive iron, reactive iron probably 
included some colloidal iron as well. We 
calculated the activity ratio ~ e ' + / ~ e ~ +  and 
thus Eh by estimating ferric iron, Fe(III), as 
the difference between reactive and ferrous 
iron as determined colorimetrically; the pro- 
gram WATEQF (11) was used to calculate 
iron speciation (12). 

Fig. 1.  Map of St. Kevin Gulch. The catchment 
area at SK50 is 3.9 krn2. 
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The photoreduction of Fe(II1) species 
may be either a homogeneous reaction that 
involves dissolved species, 

or a heterogeneous reaction such that a 
hydrous iron oxide solid phase absorbs near- 
ultraviolet radiation and releases Fe(I1) to 
solution (13-1 6). 

For the homogeneous reaction, the quan- 
tum yield of Fe(I1) is about mol 
E250--125 .,-I, where E250425 nm is the radi- 
ant flux between 250 and 425 nm. Estimates 
of quantum yield are about mol 
E250-425nm-1 for goethite, a common crystal- 
line oxide, and amorphous hydrous Fe(II1) 
oxides are more reactive (14, 16). Organic 
species may enhance the production of 
Fe(I1) by scavenging hydroxyl radicals, 
which decreases the rate of reoxidation of 
Fe(I1); fbrthermore, organic species that are 
adsorbed on hydrous Fe(II1) oxides may 
assist in electron transfer through several 
mechanisms (16). However, the low con- 
centration of organic carbon in St. Kevin 
Gulch (0.9 mg liter-'), which is similar to 
that in other Rocky Mountain streams, indi- 
cates that high concentrations of organic 
species are not necessary to promote photo- 
reduction. 

At both sites and on both days, dissolved 

Table 1. Dissolved constituents in St. Kevin 
Gulch during 19 to 20 August 1986. 

Con- SK40t SK50t 
stituent* (mg liter- ') (mg liter- ') 

Sodium 2.4 t 0.1 4.3 t 0.24 
Calcium 13.0 ? 0.3 2.7 t 0.34 
Magnesium 4.3 t 0.2 13.0 t 0.73 
Strontium 0.03 t 0.008 0.03 a 0.007 
Barium 0.02 t 0.002 0.02 t 0.002 
Sulfate 90.7 ? 3.7 90.9 * 4.13 
Chloride 4.0 t 0.3 4.0 ? 0.3 
Silica 16.3 t 0.3 16.3 t 0.08 
Total organic 0.9 

carbon 
Aluminum 2.0 t 0.22 2.0 t 0.22 
Manganese 4.2 t 0.1 4.2 t 0.24 
Zinc 8.6 t 0.3 8.6 t 0.5 
Filterable 1.6 t 0.1 1.4 t 0.2 

iron 
Reactiveiron 1.1 0 1.0 t O . 1  
Fe(I1)- 0.41 t 0.19 0.46 t 0.18 

daytime 
Fe(I1)- 0.20 t 0.03 0.18 a 0.02 

nighttime 
Lead 0.023 t 0.056 0.01 * 0.01 
copper 0.088 t 0.003 0.088 t 0.006 
Cadmium 0.050 t 0.004 0.051 ? 0.004 
Nickel 0.013 t 0.013 0.01 t 0.008 

*Filterable iron was analyzed by ICP; reactive iron and 
Fe(I1) were analyzed colorirnetrically. tData from 
40 water samples collected and filtered through 0.1-p.m 
filters at hourly intervals at SK40 and SK50, average 
values and standard deviations are presented. 

Fe(I1) increased after sunrise (Fig. 2). Day- 
time Fe(I1) concentrations were greater than 
nighttime values at both sites (Table 1). 
These results are best explained by photore- 
duction. In a study of an organic-rich 
stream, Madsen e t  al. showed that sunlight 
caused production of Fe(I1) in both natural 
and poisoned streamwater-sediment mix- 
tures, which indicates that biological pro- 
cesses are not responsible for light-induced 
Fe(I1) production (17). Variations in the 
concentrations of other dissolved trace met- 
als were either insignificant compared to 
analytical error or showed no significant diel 
trend (Table 1). 

Greater variability in Fe(I1) concentration 
during the day than at night (Fig. 2) also is 
indicative of photoreduction. The Fe(I1) 
concentration at a given time and site de- 
pends in part on past exposure of the pass- 
ing water parcel to near-ultraviolet (W) 
radiation; therefore, transient changes in 
upstream exposure to sunlight that were 
caused by intermittent cloud cover in the 
afternoon may have caused the short-term 
changes in Fe(I1) concentration. Small, 
short-term changes in p H  (Fig. 2) could 
have also influenced Fe(I1) concentration. 

Concentrations of both filterable and re- 
active iron were greater at the upstream site 
(SK40) than at the downstream site (SK50) 
(Fig. 2). This trend indicates that colloidal 

oxides continued to aggregate and deposit 
along the stream reach and further supports 
the conclusion that reactive iron included 
colloidal hydrous iron oxides. Variations in 
the concentrations of filterable iron and 
reactive iron did not correlate with light 
intensity at either site (Fig. 2). These varia- 
tions may have resulted from either actual 
diel changes in discharge or changes in the 
amount of precipitating hydrous iron oxide 
that was retained by the filter. Because a 
light-induced increase in filterable or reac- 
tive iron was not observed, absorption of 
near-UV radiation and photoreduction 
probably involved either dissolved Fe(II1) 
species, mainly Fe(OH)2+, F ~ O H ~ ' ,  and 
~ e ~ + ,  or colloidal hydrous iron oxides in the 
streamwater. In another study of an acidic 
mountain stream where Fe(I1) was about 
90% of the filterable (and reactive) iron, all 
forms of iron increased during the day, 
which indicates that photoreduction of hy- 
drous iron oxides on the streambed released 
Fe(I1) to the stream (3). 

At SK40 the measured Eh was lower 
during the day (about 0.58 V) than at night 
(about 0.63 V), and it followed the same 
pattern as Eh values calculated from Fe3'l 
Fe2+. However, the timing of the transi- 
tions between low and high values did not 
coincide for calculated and measured Eh. 
These data support the finding from a study 

Table 2. Mass flow of Fe(I1) in St. Kevin Gulch at selected times during 19 to 20 August 1986. 

SK40 SK50 Change in Net photo- 
,,,, flow reductive flux 

Time PAR Mass flow Time Mass flow* mol 
(hour) (pE m-' sec-') (-01 sec-') (hour) (-01 sec-l) (M"o' XC-') m-2 Sec-l) 

19 August 1986 
0645 0.047 
0740 0.090 
0840 0.134 
0940 0.189 
1040 0.205 
1140 0.218 
1240 0.189 
1340 0.215 
2040 0.066 
2140 0.059 
2340 0.061 
2440 0.068 

*Interpolated value. TIntermittant clouds. 
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19 August 

on another stream with acidic mine drainage 
that the Fe(I1)-Fe(II1) couple controls mea- 
sured Eh (18). 

The mass flow (6) of Fe(I1) (Table 2) was 
calculated from the measurements of dis- 
charge and Fe(I1) concentration for each 
sample. The values at SK40 were compared 
with interpolated values at SK50 40 minutes 
after the sampling at SK40. The general 
trend is that during the day the Fe(I1) mass 
flow is greater at the downstream site, 
whereas, during the night, the Fe(I1) mass 
flow is smaller at the downstream site. The 
exception to this trend occurred at 1000 
hours on the second day when light intensi- 
ty decreased because of cloud cover. The 
increase in Fe(I1) mass flow during the 
morning and midday ranged from 1.1 x 

to 11.7 x rnol sec-' with an 
average of (4.3 t 0.9) X rnol sec-'. A 
net photoreductive flux (6) was calculated 
by dividing by the exposed free surface area 
of the stream (387 m2), which yields an 
average value of 1.1 x rnol m-2 sec-'. 

Although net photoreductive flux was a 
cumulative measurement over 40 minutes 
and light intensity was, in contrast, an in- 
stantaneous measurement, a linear regres- 
sion between these two parameters (values 
in Table 2) has a slope of (1.4 t 0.3) x 

rnol Fe(I1) ~ ~ ~ ~ 7 ~ ~ ~ ~ - ~ .  This slope 
corresponds to an "effective quantum yield" 
of Fe(I1) for the stream system of 
1.4 x mol E25M25nm-1, after correc- 
tion for the proportion of near-UV radia- 

20 August 
Time of day 

tion relative to photosynthetically active ra- 
diation (PAR) radiation (about 10%) (9, 
19). This estimate for effective quantum 
yield was determined on the basis of the 
radiation that is incident on the free surface 
of the stream. The true quantum yield 
would depend on the UV radiation that is 
actually absorbed by Fe(II1) species in solu- 
tion or colloidal iron oxides, and it would be 
corrected for oxidation rates and organic 
and inorganic complexation. Because the 
true qu&tum yieldwould be greater than 
the value obtained from the linear regres- 
sion, the dominant reactions in this system 
may be solution phase reactions, which have 

-1 quantum yields of rnol E250-42snm . 
The Fe(I1) concentration was fairly con- 

stant at night, which would be consistent 
with an upstream source of Fe(I1) other 
than photoreduction. The Fe(I1) mass flow 
consistently decreased between SK40 and 
SK50 at night; the average decrease for 
Fe(I1) was (1.1 t 0.3) x rnol sec-' 
(mean t SEM, n = 9). This value is about 
a quarter of the average daytime net produc- 
tion of Fe(I1) by photoreduction. This com- 
parison shows that photoreduction is a criti- 
cal process for eihancing iron transport 
and extending the downstream deposition 
of hydrous iron oxides. 

1f'we assume that oxidation is a first-order 
rate process and do not consider the reduc- 
tion of Fe(III), the oxidation rate of Fe(I1) 
from SK40 to SK50 can be determined 
from the measured travel time, t, between 

the two sites (40 minutes) and 

where Co is the concentration of Fe(I1) at 
SK40, C, is the interpolated concentration 
at SK50 40 minutes after the SK40 sample, 
and r is the rate constant. The calculated rate 
constant, 0.26 hour-', may be repre- 
sentative for the downstream reach bounded 
by SK40 and the confluence of St. Kevin 
Gulch with Tennessee Creek. The rate is 
comparable to those determined by Nord- 
strom (18), who measured oxidation rates 
that were five to six orders of magnitude 
greater than abiotic rates in another acidic 
mine drainage stream. The greater oxidation 
rate is probably a result ofmicrobial process- 
es (18). 

If it is assumed that the Fe(I1) oxidation 
rate that was measured at night is also 
representative of the oxidation rate during 
the day, an average gross production of 
Fe(I1) by photoreduction can be calculated 
as the sum of the net daytime production 
(4.3 x rnol sec-') and the net night- 
time loss (1.1 x rnol sec-'). Gross 
vroduction thus eauals 5.5 x rnol 
iec-'. Because oxidation is low compared to 
photoreductive production of Fe(II), rapid 
changes in iron speciation are possible in 
response to changes in solar radiation. 
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Toxic DNA Damage by Hydrogen Peroxide Through 
the Fenton Reaction in Vivo and in Vitro 

Exposure of Escherichia coli to low concentrations of hydrogen peroxide results in 
DNA damage that causes mutagenesis and kills the bacteria, whereas higher concentra- 
tions of peroxide reduce the amount of such damage. Earlier studies indicated that the 
direct DNA oxidant is a derivative of hydrogen peroxide whose formation is dependent 
on cell metabolism. The generation of this oxidant depends on the availability of both 
reducing equivalents and an iron species, which together mediate a Fenton reaction in 
which ferrous iron reduces hydrogen peroxide to a reactive radical. An in vitro Fenton 
system was established that generates DNA strand breaks and inactivates bacteri- 
ophage and that also reproduces the suppression of DNA damage by high concentra- 
tions of peroxide. The direct DNA oxidant both in vivo and in this in vitro system 
exhibits reactivity unlike that of a free hydroxyl radical and may instead be a ferry1 
radical. 

T HE INSTABILITY OF PARTIALLY RE-  

duced oxygen species poses a serious 
threat to aerobic organisms. Consec- 

utive univalent reductions of molecular ow-  
gen to water produce three active intermedi- 
ates, superoxide (H02.), hydrogen peroxide 
(H202),  and the hydroxyl radical (HO.): 

Scavenging enzymes, such as catalase, perox- 
idase, and superoxide dismutase ( l ) ,  and 
DNA repair enzymes that correct oxidative 
lesions (2) are found throughout the aerobic 

biota. Despite the apparent significance of 
oxidative cell damage, the mechanism and 
the ultimate oxidant have not yet been estab- 
lished. 

At least two mechanisms produce cell 
damage in the killing of Escbericbia coli by 
exogenous H 2 0 2  (3). Starved cells can toler- 
ate considerable exposure to H 2 0 2  before 
they are killed; this "mode-two" killing is 
due to uncharacterized cell damage and ex- 
hibits a classical multiple-order dose-re- 
sponse curve. In "mode-one" killing, active- 
ly growing cells are killed by lower, more 
physiological doses of H202,  particularly if 
they lack enzymes required for recombina- 
tional or base-excision DNA repair path- 
ways. 

1n the mode-one response the rate of 
Department of Biochemisq, University of California, 
Berkeley, CA 94720. killing is maximal at -2.5 mhf H 2 0 2  but is 

roughly independent of H 2 0 2  concentration 
*Present address: Deparunent of Biochemisq, Duke ,d half-maximal between about 10 and 20 
University Medical Center, Durham, NC 27710. 
tTo whom correspondence should be addressed. mM (Fig. 1). (This twofold difference in 

rate gives rise to large differences in survival 
as shown in Fig. 2A.) Prior exposure to high 
doses of H 2 0 2  does not increase resistance 
to an immediate subsequent challenge with 
low doses (3), indicating that this is not a 
protective response. Similar dose-response 
curves to H 2 0 2  are obtained when monitor- 
ing mutagenesis, the extent of lysogenic 
phage lambda induction, or postdamage 
filamentation of surviving cells (4),  each of 
which is thought to be related to the extent 
of DNA damage. (These latter effects as well 
as killing are eliminated at low H 2 0 2  con- 
centrations if cells are starved before chal- 
lenge.) Thus the unusual nature of the dose 
response would appear to reflect a character- 
istic dose response for the generation of 
DNA damage. 

Because mode-one killing and the related 
phenomena occur only in actively metabo- 
lizing cells, available reducing equivalents 
might be essential to convert H 2 0 2  into a 
toxic oxidant. E. coli can be made to accumu- 
late reducing equivalents if respiration is 
inhibited with cyanide; when so treated, 
normally resistant DNA repair-proficient 
cells become extremely sensitive to mode- 
one killing by H 2 0 2  (Fig. 2A). Cyanide 
exerts this effect by blocking respiration, 
since ndb mutants, which lack active NADH 
dehydrogenase (where NADH is the re- 
duced form of nicotinamide adenine dinu- 
cleotide) and are also nonrespiring, are 
highly sensitive to mode-one killing but are 
not made appreciably more so by the addi- 
tion of cyanide (Fig. 2, B and C). 

The HO. radical, a highly reactive oxi- 
dant, has been implicated in peroxide-medi- 
ated oxidation of variety of substrates (5). 
The univalent reduction of H 2 0 2  was postu- 
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Fig. 1. Dependence of cellular responses on HzOz 
concentration. The rate of killing of stram 
BW544 (nfo xth, defective in excision repair of 
oxidative DNA damage) is shown. Cells were 
exposed to HzOz for 15 minutes and then plated. 
Colonies were counted after 24 to 48 hours. 
Virtually superimposable dose-response curves 
are obtained when scoring mutagenesis, induc- 
tion of a phage lambda lysogen, or cell division 
delay (4). Many such curves were obtained with 
the maximum effect always between 1.5 and 2.5 
mM HzOz. In this and subsequent figures, the 
results are those from a single experiment, repre- 
sentative of a minimum of three such experi- 
ments. 
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