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Hydrogen peroxide diel cycling in surface geothermal waters: Possible formation through 
metal redox cycling (83 pp.)

Advisor: Nancy W. H inm aiy/^^j/^   — -

Hydrogen peroxide is widely distributed throughout surface waters where the primary 
photochemical mechanism o f  formation involves dissolved organic carbon (DOC). 
Hydrogen peroxide concentrations in metal-rich surface geothermal waters were 
determined to examine hydrogen peroxide formation at high temperatures and the 
possible involvement o f  metal redox cycling in hydrogen peroxide formation. Hydrogen 
peroxide was measured every 4 hours over 40 hour periods at four hot springs in 
Yellowstone National Park. Concentrations were measured in the source pool at all hot 
springs and in the outflow channel at three hot springs. The hot springs included an 
alkaline spring (Black Sand Pool), a near-neutral spring (unnamed spring at Nymph 
Lake), and two acidic springs (Chocolate Pots and an unnamed spring at Nymph Lake).

Diel changes in hydrogen peroxide concentrations suggest that photochemical 
processes were responsible for its formation. Hydrogen peroxide concentrations reached 
200-600nM  by late afternoon and decreased to less than 50nM during the night. While 
the primary hydrogen peroxide formation mechanism involves DOC in other surface 
waters, DOC concentrations in these geothermal waters varied throughout the sampling 
periods and did not coincide with hydrogen peroxide concentrations. Instead, iron cycling 
at three sites coincided with hydrogen peroxide cycling which suggested hydrogen 
peroxide formation through metal redox cycling. The highest apparent hydrogen peroxide 
formation with iron redox cycling occurred in lower pH waters (pH -3 .5 ). This is 
consistent with hydrogen peroxide formation where the reaction o f  the hydroperoxyl 
radical (HO; ) with ferrous iron dominates below pH 4.8.

Laboratory studies using water from Chocolate Pots indicated that hydrogen peroxide 
formation varied for different regions o f the solar spectrum. Hydrogen peroxide 
formation was greater with UVA radiation (320-400nm) than with UVB radiation (280- 
320nm). However, UVB radiation formed more hydrogen peroxide per watt o f  solar 
radiation than did UVA radiation. Photosynthetically active radiation (PAR, 400-700nm) 
was responsible to a lesser degree for hydrogen peroxide formation.

Laboratory studies o f  hydrogen peroxide dark decay indicated that two mechanisms 
were responsible for hydrogen peroxide decay. The main mechanism for hydrogen 
peroxide decay involved particulate matter (probably microorganisms) while the 
secondary mechanism involved soluble matter (i.e. metal ions and chemical reactions 
such as Fentons type reactions and Haber-Weiss reactions).

Hydrogen peroxide formation and decay through chemical reactions involving metal 
redox cycling affects the oxidation state and the biovailability o f  these metals which may 
affect microbial ecology and evolution. In particular, hydrogen peroxide formation and 
degradation through metal redox cycling may have been the first steps in the development 
o f  superoxide dismutase to control the superoxide radical and the development o f  
catalase-type enzymes to control hydrogen peroxide.

ii
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CHAPTER 1: INTRODUCTION

Hydrogen peroxide (H2O2) is widely distributed in the hydrosphere where it has been 

measured in groundwater (Holm et al,, 1987), surface waters (marine, estuarine, and 

lacustrine ecosystems) (Zika et al., 1985; Cooper and Lean, 1989; Scully et al,, 1996) and 

atmospheric waters (Kok, 1980; Zika et al,, 1982; Gunz and Hoffmann, 1990) (Table 1), 

As the most stable intermediate species in the reduction o f  oxygen, hydrogen peroxide 

may shape the biogeochemistry o f  these aqueous ecosystems by affecting biological 

processes (Halliwell and Gutteridge, 1984; Imlay and Linn, 1988) and geochemical 

cycling o f  metals and non-metals (i.e. Cr, Mn, Cu, Fe, S) (Sunda et al., 1983; Moffett and 

Zika, 1987; Millero et al,, 1989; Pettine and Millero, 1990; Gaede and van Eldik, 1994). 

The effect o f  hydrogen peroxide on biological and geochemical processes depends largely 

on its’ concentrations.

Table 1; Typical hydrogen peroxide concentrations in natural waters
Water source Range Reference

rain
snow

oceans
lakes

groundwater

<0.1 - 120 pM 
<0.6 - 15.6 pM 

10-240n M  
10-400n M  
<10 - 66 nM

Gunz and Hoffmann 1990 
Gunz and Hoffmann 1990 

Cooper and Lean 1989 
Cooper and Lean 1989 

Holm et al., 1987

In surface waters, hydrogen peroxide concentrations are controlled primarily by in- 

situ formation and decomposition (Cooper et al,, 1989) and to a lesser extent by wet and 

dry deposition o f  atmospherically formed oxidants (Cooper et al., 1988), Wet deposition, 

characterized as precipitation o f  hydrogen peroxide in rain and snow, introduces large 

hydrogen peroxide concentrations ( 10-6 M) to surface waters over short periods (Zika et 

al., 1982; Cooper et al., 1987). Dry deposition, characterized as absorption o f  atmospheric 

gases (HO2', H2O2, O2, and O3) at the air-water interface, continuously introduces small 

hydrogen peroxide concentrations to surface waters. Dry deposition is believed to 

contribute less than 2% o f  the hydrogen peroxide found in most surface waters (Cooper et 

al„ 1988).
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In-situ hydrogen peroxide formation and decomposition are continuous processes that 

occur at various rates resulting in daily (diel) and seasonal variations in hydrogen 

peroxide concentrations (Cooper et al., 1989). During hydrogen peroxide diel cycling, 

maximum hydrogen peroxide concentrations are observed mid-afternoon and minimum  

hydrogen peroxide concentrations are observed pre-dawn (Cooper et al., 1989; Zika et al., 

1985). During hydrogen peroxide seasonal cycling, higher hydrogen peroxide 

concentrations are observed in the summer and lower hydrogen peroxide concentrations 

are observed in the winter (Cooper et al., 1989). Potential mechanisms for in-situ 

hydrogen peroxide formation and decomposition in surface waters are photochemical 

reactions, biological activity, and oxidation-reduction (redox) reactions. Each process 

forms and degrades hydrogen peroxide at different rates for marine and freshwater 

environments (Table 2).

Table 2: Hydrogen peroxide formation and decomposition rates in surface waters
Formation (nM/hr) Decomposition

Mode Solar radiation Marine Lakes Marine Lakes
Photochemical
Biological

Light
Dark

Redox reactions

280-400 nm 

400-700 nm 

290-600 nm

5-6"

ND 
“ 1-2® 
<0.2"

80-2000'

ND
ND

Negligible®

<5 nM"

*’ 5-35 nM/hr® ' 1-12 nM/hr®

ND - observed but not determined
“ 10® cells/liter marine water at a rate o f 10 mole (H^O^ycell hr 
'’ 3x10® cells/liter estuarine water at a rate o f 14%/hr 
‘ 1.3x10® cells/liter lake water at a rate o f 3%/hr 
nM = 10* moles/liter

' Scully et a 
" Moffett an 
® Cooper et 
® Moffett an 
® Palenik et

1996 
d Zarifiou, 1990 
îl„ 1994 
dZika, 1987 
al., 1987

Hydrogen peroxide form ation in surface waters

Photochemical processes form the majority o f hydrogen peroxide found in surface 

waters (Cooper et al., 1988; Cooper et al, 1994; Scully et al., 1996) with formation rates 

5-6 nM/hr in oceans (Moffett and Zarifiou, 1990) and 80-2000 nM/hr in lakes (Scully et 

al., 1996) (Table 2). The main pathway for photochemical formation o f  hydrogen 

peroxide in surface waters is probably the interaction o f  ultraviolet (UV) radiation (280-
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3

400nm) with dissolved organic carbon (DOC) (Cooper et al, 1994; Scully et al,, 1996). 

The DOC absorbs energy from UV radiation (DOC*) and then reduces oxygen forming 

the superoxide ion (O 2") (equations 1 and 2) (Cooper et al, 1994). Disproportionation o f  

the superoxide ion produces hydrogen peroxide and oxygen (equations 3 and 4).

DOC k -»  DOC* (1)
DOC* + 0 2 ^  DOC-+ + 0*2’ (2)
O f  + H+ ->  H02- (3)
HO2' + HO2* H2O2 +  O2 (4)

Hydrogen peroxide formation as a by-product o f  biological activity (i.e. aerobic 

respiration (equations 5-6), nitrogen acquisition (equation 7), photosynthesis (equations 8 

- 9)) has been reported in marine and freshwater environments with formation rates 1-3 

nM/hr in marine water (Stevens et al., 1973; Palenik et al., 1987; Palenik and Morel, 

1988 and 1990; Moffett and Zarifiou, 1990) (Table 2). While the rates for biological 

hydrogen peroxide formation are low compared to rates for photochemical hydrogen 

peroxide formation, biological hydrogen peroxide formation can be significant at night or 

in waters containing large microbial populations. Additionally, microbes may produce 

hydrogen peroxide when they are exposed to toxic levels o f  the superoxide ion or oxygen 

(equations 10 and 11) (Gottschalk, 1986; Brock et al., 1994).

O2 + e“ ->  0 *2' (5)
O V +  e -+  2H+ ^  H2O2 (6 )
L-amino acid + O2 LMQ—> KetoAcid + H2O2 + (7)
H2O ->  HO* + e" + H+ (8 )
H2O + HO- H2O2 +  e- + H+ (9)
0 *2~ + 0 *2~ + 2H^ sop_> H2O2 + O2 ( 10)
O2 + 2e" + 2H+ o x id a se -»  H2O2 (H )
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Metal redox reactions (photochemical or chemical) are considered a minor source 

for hydrogen peroxide formation in surface waters (Table 2) (Cooper et a l, 1994). In 

metal photochemical/chemical redox cycling, reduced metals (Fe, Cu, and Mn) react with 

the superoxide ion (O'2”) or oxygen forming hydrogen peroxide (Figure 1) (Cooper et al, 

1994; Zuo and Hoigne 1992). The oxidized metals absorb sunlight energy and are 

reduced completing the redox cycle. While formation rates in surface waters have not 

been determined, formation rates appear to depend on water pH and metal concentrations 

(Zuo and Hoigne 1992).

ligand

M'”*̂ *ligand
hï>

Redox
cycle

o;- HO2

HO
Ligand"

Figure 1: Photochemical/chemical metal redox cycling and hydrogen peroxide formation
(ligand: organic, inorganic, none) (after Zuo and Hoigne, 1992).

Hydrogen peroxide removal in surface waters

While photochemical processes form most hydrogen peroxide, photolysis removes 

insignificant quantities o f  hydrogen peroxide (Table 2) (Moffett and Zarifiou, 1990). 

Instead, biological activity is responsible for the majority o f  hydrogen peroxide removal 

in surface waters (Moffett and Zarifiou, 1990). Small algae and bacteria (0.2-1.0 pm) 

produce enzymes, catalase and/or peroxidase, that convert hydrogen peroxide to water 

(equations 12 and 13) (Moffett and Zarifiou, 1990; Cooper and Lean, 1992). Hydrogen
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peroxide removal depends on the kind and number o f  bacteria present with rates 1-12  

nM/hr in lakes and 5-35 nM/hr in estuaries (Cooper and Lean, 1992).

H2O2 + 2H+ perox idase-»  2H2O (12)
2H2O2 catalase-̂  2H2O + O2 (13)

Hydrogen peroxide-mediated redox cycling o f  metals and non-metals (Fe, Cu, Mn, 

Cr, S) is a minor source for hydrogen peroxide removal in most surface waters (Sunda et 

al., 1983; Moffett and Zika, 1987; Millero et al., 1989; Gaede and van Eldik, 1994). Two 

possible pathways for hydrogen peroxide oxidation or reduction o f  metals are Fentons 

reactions (equations 14 and 15) or Haber-Weiss reactions (equation 16) (Zuo and Hoigne, 

1992).

M(")"̂  + H2O2 —> M("^b+ + HO' + HO* (14)
M(")+ + HO- ^  M(n+iH + HO- (15)
M(n+i)+ + H2O2 M(")+ + HOz" H+ (16)

Purpose o f  the study

Several studies have reported daily variations in metal spéciation in ffeshwaters 

(McKnight et al., 1988; Collienne,1983; Brick and Moore, 1996). Changes in metal 

spéciation affect the bioavailability o f  these metals (Moffett and Zika, 1987). It is 

possible that these changes involve reactions with hydrogen peroxide as observed in 

marine and atmospheric waters (Moffett and Zika, 1987; Zuo and Hoigne, 1992). 

Because o f  the high temperatures in surface geothermal waters and different metal 

concentrations, it is difficult to extend these studies to surface geothermal waters.

Besides affecting metal bioavailability, hydrogen peroxide at concentrations found in 

marine and freshwaters may inhibit some microbial processes (Cooper and Lean, 1992). 

The microbes in geothermal waters are closely related to the earliest organisms and may 

lack hydrogen peroxide neutralizing enzymes. These primitive microorganisms may use 

an alternative mechanism, to provide protection from hydrogen peroxide. For these
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reasons, a quantitative understanding o f  hydrogen peroxide formation and decomposition 

in surface geothermal waters may be important in microbial ecology and evolution.

This prompted a preliminary investigation at two hot springs (Black Sand Pool and 

Sulphide Spring) in Yellowstone National Park. Results from the preliminary 

investigation indicated that hydrogen peroxide is present in surface geothermal waters 

and that concentrations vary with time o f  day and sunlight exposure (Appendix A).

Based on the results from this preliminary investigation, an extended field study was 

conducted in surface geothermal waters. The study extended over two 40-hour periods at 

three locations (Black Sand Pool, Chocolate Pots, and Nymph Lake) and four hot springs 

in Yellowstone National Park and is the first known report o f  hydrogen peroxide in 

surface geothermal waters. The purpose o f  the extended field study was to 1) determine 

hydrogen peroxide cycling patterns in surface geothermal waters, 2 ) examine possible 

biological formation o f  hydrogen peroxide, and 3) determine a possible correlation 

between iron cycling and hydrogen peroxide cycling.

Due to the complexity o f  hydrogen peroxide formation in surface waters, two 

laboratory experiments were conducted to examine photochemical hydrogen peroxide 

formation in water from Chocolate Pots in Yellowstone National Park. In particular, these 

experiments examined 1) hydrogen peroxide formation by different regions o f  solar 

radiation and 2 ) hydrogen peroxide formation by particulate and non-particulate matter.

This paper presents the results o f  a multi-phase hydrogen peroxide study in surface 

geothermal waters in Yellowstone National Park, WY.

Study area

Yellowstone National Park, WY is situated on a volcanic plateau at an elevation over 

2200m. Meteoric waters from the mountains north and northwest o f  the park migrate 

along faults and fractures to deep beneath the plateau where the waters are heated
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(Truesdell et al., 1977; Fournier, 1989). When the heated waters contact rocks, the water 

leaches dissolved solids (metals and silica) from the rock. These mineralized, heated 

waters migrate upward along faults and fractures to form surface geothermal springs 

(Fournier, 1989).

Besides high metal concentrations, hot spring waters contain a diverse microbial 

population whose distribution is controlled by water temperature and pH (Table 3) 

(Brock, 1978). The upper temperature limit for non-photosynthetic bacterial growth is 

greater than 90°C and the upper temperature limit for photosynthetic bacterial growth is 

75®C (Brock, 1978). Competition between organisms further reduces the number o f  

species in a system. In the siliceous-alkaline waters o f  Yellowstone National Park, the 

predominant photosynthetic organisms are Synechococcus, a cyanobacteria, and 

Chlorojlexus, a green bacteria (Brock, 1978). These species have several strains with 

different optimum temperatures for growth and photosynthesis. The upper temperature 

limit for growth and photosynthesis for these species is 70-75°C. In the very acidic waters 

(pH less than 4.0) o f  Yellowstone National Park, the predominant photosynthetic 

organism is Cyanidium, an algae (Brock, 1978). There are several Cyanidium  strains that 

grow between 35-57°C, with an optimum temperature for growth and photosynthesis o f  

48°C (Brock, 1978).

Table 3; Geothermal micobral population growth limits 
From Brock, 1978
Organisms upper temp (“C) lower pH
Eucaryotes

algae
fungi

Procaryotes
cyanobacteria 

photosynthetic bacteria 
chemolithitropic bacteria

5 5 Z6O
6 0 -6 2

1 - 2
1 -2

7 0 -7 5  
7 0 -7 5  

> 90

4
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CHAPTER 2: EXPERIMENTAL DESIGN

H ot spring and site selection

Hot springs were selected according to their accessibility, proximity to electricity, 

dissolved iron and sulfide concentrations, and pH. Hot springs containing dissolved iron 

or sulfide were selected to examine metal redox cycling as a mechanism for hydrogen 

peroxide cycling. Hot springs with different pHs were selected to examine i f  pH affects 

hydrogen peroxide concentrations.

Based on these criteria, four hot springs (Black Sand Pool, Chocolate Pots, and two 

hot springs at Nymph Lake) in Yellowstone National Park (Figure 2) were selected for 

the hydrogen peroxide field study o f  surface geothermal waters. These springs contain 

clear waters with high concentrations o f  dissolved (<0.45pm) metals and sulfide (Table 

4). O f particular interest are iron, manganese, arsenic, and sulfide. Concentrations o f  

these redox-sensitive elements differ between the springs. Iron and manganese 

concentrations are highest at Chocolate Pots and Nymph Lake-iron spring while arsenic 

and sulfide concentrations are highest at Black Sand Pool and Nymph Lake-sulfur spring. 

DOC concentrations also varied between the springs ranging from <0.5mg/l to 8.56mg/l.

Each hot spring consists o f a vent, a pool, and a run-off channel. The heated, 

mineralized waters forming the spring surface at a vent. In the springs studied, the vent 

was in a depression where water collected forming a pool. Water flowed from the pool in 

small run-off channels. The water chemistry within a pool-channel system is similar 

except at Chocolate Pots where the pool is mildly acidic pH with high average iron 

concentrations and the channel is near neutral pH with lower average iron concentrations 

(Table 4).

Site selection at a spring was based on microbial types and water temperature. High 

temperature pools (>75®C) contain non-photosynthetic microbes while cooler 

temperature pools and channels (<75°C) contain photosynthetic microbes. Photochemical 

hydrogen peroxide formation probably occurs at all temperatures while biological
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photosynthetic hydrogen peroxide formation occurs only at temperatures <75°C. Pools 

and their chemically similar channels were sampled to examine the relative importance o f  

photochemical processes and photosynthetic processes on hydrogen peroxide formation. 

Pools were sampled near the outflow channels (Black Sand Pool and Nymph Lake-sulfur 

spring) or in the center o f  the pool (Chocolate Pots and Nymph Lake-iron spring). 

Channels were sampled 5-20 meters downstream from the pool. Channels were sampled 

in areas with microbial mats and a water temperature ~  50°C in July. Despite lower 

temperatures in August, the same sites were sampled in August.

TABLE 4: Hot spring water chemistry
Black Sand Pool Chocolate Pots Nymph lake
pool channel pool channel sulfur pool iron pool iron channel

'. • : •. . ■

July 88.8 +/- 2.2 48.6+/-2.1 48.6+/-3.1 42.8+/-2.1 68.1 +/- 1.5 78.3 +/- 0.8 52.8+/- 1.1
August 81.4+/-2.6 38.2^/-4.1 43.93- 1.6 39.3 3 -  1.7 63.2 3- 3.5 67.3 3 - 8.1 45.1 3 -3 .8

T .

July 8.39+/-0.11 833 +7- 0.13 5.78+/-0.15 7.26“+ /-0  12 6 .57+ /-0 .Î7 3.37+/-0.06 3.24 +/- 0.08
August 8.45+/-0.15 9.33 +/-0.18 5.75+/-0.11 7.32+/-0.10 6.48+/-0.17 3.47+/-0.29 3.40+/-0.25

: i

'V  y

904%»; »  X»

■*s'TP>^ / y  n r  "V 

y  ^  w  ■*.

t  r  JOB * 9 ^ - 9  J -4 f  , X >.) ■ ^ ^ y f i s n r  ^  t  . 

»  /*>k K v  *'

jK-v-v ij s?

July 289+/-21 ” 306+/-26^ 144 +/- 5 148 +/- 5 1Ô0+/- 6 “ ND ND
August 313+ /-5 325 +/- 12 167 +/- 6 168 +/- 8 106+/-3 ND ND

metals (mg
...,y U if fi*i ‘ •' ' l'ÿ.'vW '.'s s.

Fe* 0.163 0T71 5.68 ..0.139 2.63 “'"2.17
Mn* <0.001 <0.001 1.445 1.340 0.007 0.188 0.195
As* 1.680 1.778 0.049 0.031 3.98 0.344 0.297
Cr* 0.010 0.011 < 0.004 < 0.004 0.008 0.012 0.008
Cu* < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002 < 0.002
S(-2)(ave) 0.09 <0.01 0.02 0.02 0.13 0.06 0.02
Aiuons anc cations (ina/i j

w;-' ' ‘I'-:’’

Al* 0.454
jjLiü

0.441 0.139 0.074 0.1Î87 1.23 "  i.29'^ "

B* 3.309 3.512 0.461 0.461 7.42 1.79 1.86
Ca* 0.412 0.416 23.64 23.88 1.69 6.78 7.05
Cl# 306 332 25 25 427 99 105
F# 28.2 29.7 4.3 4.1 19.2 2.5 2.6
K* 20.6 21.7 23.5 23.8 7.3 63.6 67.5
Li* 4.15 4.33 0.801 0.827 1.58 0.752 0.792
Mo* 0.048 0.052 0.009 < 0.005 0.128 < 0.005 < 0.005
Na* 493 532 114 115 442 126 142
Si* 173 ■ 183 56 57 138 131 137
S04# 16 18 29 30 51 254 274
ND - none detected #AnaIytlcal error for C analyses is 7-10%

^Analytical error for ICP analyses is V-15%
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Figure 2: Sampling location in Yellowstone National Park, WY.
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Sampling schedule

Each location was sampled over two 40-hour periods during the summer o f  1996 

(Table 5). A  4-hour sampling interval was established with 4PM as the probable time for 

maximum hydrogen peroxide concentrations (Scully et al., 1996). Sampling began at 

8AM  on the first day and ended at midnight on the second day. Samples were collected 

and analyzed for hydrogen peroxide, dissolved iron (total and ferrous iron) (<0.45pm), 

dissolved sulfide, alkalinity, dissolved organic carbon (DOC), dissolved metals/cations 

(Fe, Mn, Cu, Al, Mo, As, Cr, Li, Ca, Na, K, B, S, Si), and anions (SO4, Cl, F). Dissolved  

oxygen (DO), pH, and temperature were monitored every 4 hours. Sunlight intensity 

measured as photosynthetically active radiation (PAR) was monitored every 30 minutes 

and weather conditions were monitored continuously.

Table 5: Sampling periods
Black Sand Pool 
Chocolate Pots 
Nymph Lake

July 13-14 and August 20-21, 1996 
July 10-11 and August 17-18, 1996 
June 30- July 1 and August 6-7, 1996

Sample collection and preservation

Water samples were collected and preserved according to the procedures outlined in 

Table 6 . Unfiltered samples for hydrogen peroxide and sulfide analysis were collected by 

dipping an HDPE sample bottle into the water and allowing the bottle to fill. These 

samples did not require addition o f  a preservative. All other water samples were collected 

with acid-washed plastic syringes (PP/PE Aldrich Z l l ,  840-0) that were rinsed with 

spring water prior to sampling. Samples were collected by placing the syringe tip 1-2 

inches below the water surface and filling the syringe with spring water. For alkalinity 

analysis, twenty milliliters o f unfiltered water was collected with a syringe. The samples 

were placed in bottles that were not rinsed. These samples did not require the addition o f  

a preservative. Samples for anions, ferrous iron, dissolved metals/cations, and DOC 

analyses were filtered in the field with 0.45pm filters (Gelman nylon acrodisc). Prior to
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sample collection, filters and HDPE sample bottles were rinsed with small amounts o f  

spring water. Samples for anions and ferrous iron analyses were filtered but not 

preserved. Samples for dissolved metals/cations analyses were filtered and acidified to 

pH 2 with trace metal-grade concentrated nitric acid. Borosilicate glass bottles for DOC 

samples were acid-washed, rinsed with de-ionized water, and baked at 400®C for one hour 

in the lab (Standard Methods, 1985). Samples for DOC analysis were filtered and 

acidified to pH 2 with concentrated hydrochloric acid (Standard Methods, 1985). Samples 

for dissolved metals/cations, anions, and DOC analyses were stored on ice for transport to 

the University o f  Montana for analysis.

Table 6: Water sample collection and preservation
Analyte Bottle type Bottle rinse Sample type Preservation Storage

Hydrogen peroxide
Dissolved sulfide
Alkalinity
Soluble, ferrous iron
Cations/metals
Anions
DOC

HDPE 
HDPE 
HDPE 
HDPE 
HDPE 
HDPE 

Glass with teflon septa

None 
None 
None 

3 times 
3 times 
3 times 
None

Unfiltered
Unfiltered
Unfiltered

Filtered
Filtered
Filtered
Filtered

None 
None 
None 
None 

Nitric acid 
None 
HCL

Dark
None

Ice
None

Ice
Ice
Ice

Water and microbial mats for laboratory experiments on hydrogen peroxide formation 

and decay were collected at Chocolate P ots\ Water samples were collected by dipping 1- 

liter plastic bottles into the pool. Six liters o f  unfiltered water and three liters o f  filtered 

water (0.2pm  sterile Gelman acrodisc filters with a glass fiber pre-filter) were collected in 

separate sterile glass bottles. Four mat samples were collected from the run-off channels 

using a 1-cm diameter plastic mold cutting the samples to a uniform size. Each mat with 

300ml o f  unfiltered spring water was placed in a darkened, sterile glass dish. All samples 

were stored at room temperature in darkened containers^.

' The water from Chocolate Pots contains 4 organism types (B. Pierson, personal communication, 1997). 
Two organism types die almost immediately after removal from the system while a third type survives for 
longer periods. Little is known about the fourth type.

 ̂Storage o f hot spring water samples at room temperatures reduces microbial metabolic activity while 
maintaining a viable microbial population for <7 days (B. Pierson, personal communication, 1997).
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Analytical Methods and Materials

Analytical methods, locations, and completion times are summarized in Table 7.

Table 7: Analytical methods, locations, and completion times
Analyte Method Location Time

Hydrogen peroxide
Dissolved sulfide
Alkalinity
Total, ferrous iron
Metals/cations
Anions
DOC

Fluorescence 
Hach kit 
Titration 
Ferrozine 
ICAPES 

IC
TOC

Near site 
Site 

Site/Univ MT 
Site 

Univ MT 
Univ MT 
Univ MT

< 1 hr
< 30 min 
<3 days

< 30 min 
<75 days 
<14 days 
<21 days

Hydrogen peroxide analysis

Hydrogen peroxide was analyzed by the scopoletin horseradish peroxidase fluorescent 

decay method within one hour o f collection using a Turner Designs Model 111 

fluorometer (Holm et al., 1987). The excitation filter was a Coming 7-60 (range: 320- 

390nm, primary wavelength: 365nm). The emission filter was a Wratten 65A (range: 

460-540nm, primary wavelength: 495nm) coupled with a Wratten 2A (sharp cut-off 

below 415nm). This filter combination gives the highest sensitivity for scopoletin in 

distilled water (Holm et al., 1987). The light source was a general purpose ultraviolet 

lamp (range; 340-380nm). Cuvettes were borosilicate glass test tubes that had similar 

blank fluorescence readings with distilled water. A  stirrer incorporated into the sample 

compartment provided continuous sample mixing. To speed mixing, test tubes were 

slowly inverted once after the addition o f each reagent.

Reagents: De-ionized water for solutions and dilutions was stored in darkened containers 

for at least 48 hours prior to usage. Water and reagents were weighed in the lab with 

solutions prepared in the field. Reagents and solutions were refrigerated or stored on ice 

in darkened containers. Scopoletin solution (5x10-5 M) was made every 24 hours by 

adding 2 mg o f  scopoletin crystals (Sigma) to 200 ml o f  de-ionized water. The pH 7 

phosphate buffer solution was prepared with de-ionized water and commercial buffer
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salts (pHydrion Buffers). Horseradish peroxidase (HRP) solution was made by dissolving 

10 mg o f  HRP (Sigma P8125, type II, 150-200 purpogallin units /  p mg o f  solid) and 1.5 

mg o f  NaNg (antimicrobial agent) in 2.5 ml o f  pH 7 phosphate buffer. HRP solution was 

made every 12 hours and it was used over a 9-10 hour period with no apparent loss o f  

activity. Stock hydrogen peroxide solution (10-^ M) was made from commercial reagent 

grade hydrogen peroxide (VWR Scientific 30% solution reagent ACS) with the 

concentration determined by iodometric titration with sodium thiosulfate solution 

(Christian, 1977). Initially, hydrogen peroxide standard ( 10-6 M) was made prior to the 

field work. The standard was divided between four bottles with each bottle used for 20 to 

40 hours. Although analysis o f  the standard after the sampling period did not indicate 

hydrogen peroxide deterioration, it was decided to take stock hydrogen peroxide solution 

to the field for the August sampling periods with fresh standard made every 20 hours. 

Procedure; The method is based on the principle that scopoletin fluorescence is 

quenched in the reaction with hydrogen peroxide in the presence o f  horseradish 

peroxidase (Holm et al., 1987). The reaction is most efficient at pH 7 and therefore 

requires the addition o f  buffers to the samples (Sigma). The generalized procedural steps 

are shown in Figure 3. Reagent volumes varied for each site and sampling period. The 

amount o f  buffer added ranged from 35 pi for near neutral pH water to 300 pi for acidic 

pH water (pH 3.3). Scopoletin was added keeping the fluorescence below 100% with 

volumes ranging from 20-60 pi. Ten microliters o f  HRP was always added. Fluorescence 

was recorded after the addition o f  each reagent.
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Read fluorescence

Read fluorescence

Read fluorescence

Read fluorescence
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Add H2O2 standard

Add H2O2 standard

Add HRP (lO^il)
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Add scopoletin (keeping 
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100%)

Figure 3: Schematic diagram o f  hydrogen peroxide analysis by the scopoletin 
horseradish peroxidase fluorescence decay method.
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The hydrogen peroxide concentration o f  the sample was calculated by the method o f  

standard additions (Holm et al., 1987; Larsen et a l ,  1973). Three spikes (35-70 pi) o f  

hydrogen peroxide standard were added to the sample with the fluorescence measured 

and recorded after the addition o f  each spike. The percent fluorescence after the addition 

o f each spike was plotted versus the total hydrogen peroxide added to the sample (Figure 

4) with the sample hydrogen peroxide concentration determined by regression analysis. 

Each sample was analyzed in duplicate with the final hydrogen peroxide concentration 

determined as the mean value and the standard deviation estimated from the range o f  the 

concentrations (Dean and Dixon, 1951).

Sariple
spike Spike Spike

L)

O

250-150 350150

H 202 cone (nl-^

Figure 4: Hydrogen peroxide standard additions calibration curve.
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Replicate analyses o f  the same sample were within +/-15% for concentrations less 

than 40 nM and +/-10% for concentrations greater than 40 nM. The method precision was 

+/-12% at a concentration o f 25 nM and +/-?% at a concentration o f  170 nM.

Because delayed analysis may produce analytical errors, hydrogen peroxide 

concentrations in two samples were measured over two hours. Hydrogen peroxide 

concentrations in both a low  concentration sample (50 nM) and a high concentration 

sample (250 nM) were statistically the same for the immediate analysis and for the 2-hour 

delayed analysis. Another source o f  analytical errors is hydrogen peroxide in the de­

ionized water used for dilutions. To reduce the hydrogen peroxide in de-ionized water, all 

water was stored in darkened containers for at least 48 hours prior to usage. The hydrogen 

peroxide concentration in the water was measured ten times obtaining a mean hydrogen 

peroxide concentration. The mean hydrogen peroxide concentration plus three standard 

deviations was the method deteetion limit (MDL) for that sampling period. The MDL 

was 32.6 nM in May, 24.8 nM in July, and 25.4 nM in August.

Field analvsis

Dissolved sulfide analysis was completed within 30 minutes o f  sample collection 

using a Hach sulfide kit. Absorbence at 665nm was measured with a Hach 

Spectrophotometer model DR/2000. Sample sulfide concentrations were determined from 

standard calibration curves developed each sampling time. The standards were made 

fresh each time from a lOOOmg/1 stock standard and ranged from 0-1 mg/1. Replicate 

analyses o f  the same sample were within +/- 10%.

Dissolved (< 0.45pm) ferrous and total dissolved iron analyses were completed 

within 30 minutes o f  sample collection by a modified Ferrozine method (Brown, 1997; 

Stockey, 1970). Ferrous iron was analyzed by adding 10 ml o f  Ferrozine solution (lg/1 o f  

Ferrozine in 50mM o f HEPES buffered to pH 7) to 2 ml o f  sample. After a 2-minute 

color development, absorbence at 562 nm was measured with a Hach Spectrophotometer
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model DR/2000. For total iron analysis, ferric iron in solution was reduced to ferrous iron 

by adding 1 ml o f  0.25M  hydroxyamine in O.IN HCl solution to 1 ml o f  sample. Next, 10 

ml o f  Ferrozine solution was added to the sample with the absorbence measured as for 

ferrous iron analysis.

Sample iron concentrations were determined from standard calibration curves 

developed each sampling time by analyzing five iron standards. The standards were made 

fresh each time from a 1000 mg/1 stock standard (Buck Scientific) and ranged from 0-10 

mg/1. Replicate analyses o f  the same sample were within +/-6% (Brown, 1997). Ferric 

iron concentrations were calculated as the difference between total and ferrous iron 

concentrations.

Alkalinity was determined by titration with 1.6N  HCl to the bromcresol green-methyl 

red endpoint (pH 4.5). All samples from a 40-hour sampling period were analyzed at the 

same time. Replicate analyses for duplicate samples were within +/-5%.

Laboratorv analvsis

Water samples for dissolved organic carbon (DOC), dissolved metals/cations, and 

anions were analyzed at the University o f  Montana. Samples were refrigerated after 

collection with the samples warmed to room temperature prior to analysis.

DOC analyses were completed within 21 days o f  collection with a Shimadzu total 

organic carbon analyzer model TOC-5000A. The samples were purged with helium prior 

to analysis to remove volatile organic components. DOC concentrations were calculated 

from a standard calibration curve generated by analyzing 3 standards ranging from 0 . 5 - 5  

mg/1. Samples with concentrations greater than the highest standard were diluted with 

de-ionized water and reanalyzed. The method precision was +/- 6% and method accuracy 

was +/- 10%.
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Dissolved metals/cations (Al, As, B, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, S, Si) 

analyses were completed within 75 days o f  collection by inductively coupled argon 

plasma emission spectrophotometer (ICAPES) using a Jarrel Thermo Ash model IRIS. 

The method detection limit (MDL) for each analyte was determined by analyzing de­

ionized water 10 times. The average value plus 3 times the standard deviation was the 

MDL (Table 8). The method precision was +/- 4% and method accuracy was +/- 15%.

Table 8: ICP cation method detection limits (mg/I)
AI 0,06 Or 0.011 Li 0.008 Na 0.075
As 0.07 Cu 0.008 Mg 0.198 P 0.111
B 0.041 Fe 0.032 Mn 0.003 S 0.207
Ca 0.026 K 0.518 Mo 0.017 Si 0.12

Anion (Cl, F, SO4) analyses were completed within 14 days o f  collection by ion 

chromatography (IC) using a Dionex IC (ED40 Electrochemical detector and GP40 

gradient pump) with an AS4A column. Sample analyte concentrations were calculated 

from a standard curve generated by analyzing 3 standards ranging from 1-10 mg/1 for 

fluoride and chloride and 6-60 mg/1 for sulfate. Samples with concentrations greater than 

the highest standard were diluted with de-ionized water and reanalyzed. The method 

precision was +/-10% and method accuracy was +/-10%.

Field measurements and observations

Temperature and pH were measured at each site with an Orion combination

pH/temperature electrode model 91-57BN and meter model 230A that automatically

corrects the pH for the measured temperature. The electrode was recalibrated at each hot

spring by measuring the pH/temperature o f  buffer solutions heated to the hot spring water

temperature. Electrode calibrations were checked each sampling time.

Dissolved oxygen (DO) was measured in the channels and the pool at Chocolate Pots

with an Orion oxygen electrode and meter model 820. The DO electrode was recalibrated

in its water-saturated sleeve with the calibration checked each sampling time.
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The skies were generally clear during sampling except for brief periods o f  scattered 

clouds (Table 9). However, skies were overcast during sampling at Chocolate Pots in 

August. Additionally, all sites experienced periods o f  steam throughout the night and 

early morning.

Table 9: Meteorological conditions
Location July 1996 August 1996

Black Sand Pool clear skies, mild winds 
scattered clouds the afternoon o f July 11 
steam at night and early morning 
run-off channel shaded in the morning 
channel site shaded until mid-morning

clear skies, mild winds

steam at night and early morning 
run-off channel shaded in the morning 
channel site shaded until mid-morning

Chocolate Pots clear skies, mild winds
July 10: cloudy in the afternoon
intermittent shading throughout period

steam at night and early morning

overcast skies, moderate winds 
August 18;

atmospheric lightning 0330 - 0500 
rain 0500 - 0600 

steam at night and early morning
Nymph Lake clear skies, no wind

steam at night and early morning

August 6: rain until -7AM , cloudy until - 1 1AM 
clear skies, no wind rest of period 
steam at night and early morning

Sunlight intensity was measured with a Sunfleck Ceptometer model SF-80 and/or a 

foot-candle meter. The Sunfleck Ceptometer has 80 light sensors at one-centimeter 

intervals that measure photosynthetically active radiation (PAR) (400-700nm). The foot- 

candle meter measures light intensity in foot-candles. After development o f  a comparison 

curve for light readings between the two meters, the foot-candle meter was used to 

measure light intensity when the Ceptometer was unavailable (Appendix B).

Sunlight intensity at Nymph Lake was measured with the Sunfleck Ceptometer during 

both sampling periods. On June 30, 1996, light intensity was measured manually every 

30 minutes at each site. Because light readings at the three sites agreed except for minor 

variations, light measurements on subsequent days (July 1 and August 6-7, 1996) were 

taken at a central location with the Ceptometer in the automatic mode.
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Sunlight intensity at Chocolate Pots and Black Sand Pool was measured with the 

foot-candle meter during sampling in July. At Chocolate Pots, light readings were taken 

every 30 minutes at the pool and mid-day at the channel. At Black Sand Pool, light 

readings were taken every 30 minutes at each site. Due to unavailability o f  either light 

meter in mid-August, light readings were not taken the last sampling period at either 

location.

Vegetation at each location produced intermittent shading throughout sampling. At 

Black Sand Pool, trees near the run-off channel shaded the channel most o f  the day with 

the channel site shaded until mid-moming. At Chocolate Pots, small trees and bushes 

surrounding the pool resulted in intermittent shading o f  the pool and the run-off channel 

throughout the day. The sampling sites at Nymph Lake were free o f  shading from 

vegetation.

Laboratory hydrogen peroxide form ation and decay study

The hydrogen peroxide formation and decay studies were conducted in late-October 

1997 and late-April 1998. Water and mats collected from Chocolate Pots in mid-October 

and in mid-April were kept at room temperature in darkened containers until testing. 

Experiments with mats and unfiltered water were conducted within 7 days o f  sample 

collection. In April, the experiments were run in duplicate.

The formation study consisted o f  4 sets o f  hot spring water samples exposed to 

different wavelengths o f  mid-day sunlight. Each set o f  samples consisted o f  250 ml o f  

unfiltered, filtered (0.2 pm), or unfiltered-autoclaved hot spring water placed in each o f  4 

wide-mouthed (4-inch diameter) glass dishes wrapped with duct tape. A  fourth set o f  

samples consisted o f  a microbial mat and 250ml o f unfiltered water in each o f  4 dishes. 

The samples, covered with glass lids and cardboard, were placed in a water bath (48°C) in 

an area that received mid-day sunlight. The samples were heated for one hour before 

replacing the cardboard and the lids with specific light passing filters (Table 10). The
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heated samples were then exposed to 4-hours o f  mid-day sunlight. At the end o f  4 hours, 

the samples were covered with glass lids and cardboard for the decay study.

Table 10: Light passing filters
Filter Light passing Cut-off wavelength
Cellulose diacetate UVB-UVA-PAR <300 nm
Polyester UVA-PAR < 320 nm
UF-5 PAR <400 nm
Opaque None All light

Hydrogen peroxide analysis was conducted by removing 5ml aliquots from the 

samples. To determine hydrogen peroxide formation, hydrogen peroxide concentrations 

were measured prior to heating and after 4 hours exposure to sunlight. To determine 

hydrogen peroxide decay, hydrogen peroxide concentrations were measured every 2 

hours in unfiltered water samples and every 4 hours in filtered and autoclaved water 

samples. Analysis continued for a maximum o f  24 hours or until concentrations 

decreased by 50%.

The controlled light experiments were conducted in a cabinet equipped with 

fluorescent lamps. A  Westinghouse fluorescent lamp (peak radiation 310nm) provided 

UVB radiation and a Sylvania black light fluorescent lamp (peak radiation 365nm) 

provided UVA radiation. The Westinghouse fluorescent lamp was replaced prior to the 

experiments conducted in late April 1998. Separate experiments were conducted to 

determine hydrogen peroxide formation with different regions o f  the solar spectrum 

(UVB, UVA, UVB-UVA). 250 ml o f  unfiltered hot spring water was placed in wide­

mouthed (4-inch diameter) glass dishes wrapped with duct tape. The samples, covered 

with glass lids and cardboard, were placed in a water bath (48°C) in the cabinet. The 

cover on one sample was replaced with a light-attenuating filter and the fluorescent lights 

were turned on for 4 hours. After 4 hours, the samples were covered with glass lids and 

cardboard. Hydrogen peroxide concentrations were measured prior to heating and after 4 

hours exposure to the fluorescent light.
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CHAPTER 3: RESULTS

F ield Study 

General observations

Sunlight intensity, measured as photosynthetically active radiation (PAR) (400- 

700nm), varied between locations and between the July and August sampling periods 

(Figure 5). PAR levels were highest at Nymph Lake and Black Sand Pool where the areas 

were relatively open with sparse vegetation. The sampling sites at Nymph Lake were free 

o f  shading from vegetation while the channel site at Black Sand Pool was shaded until 

mid-moming. The lower PAR levels at Chocolate Pots were due to the position in the 

Gibbon River valley and the surrounding vegetation that resulted in intermittent shading 

o f  the pool and the channel throughout the day. PAR levels were higher in July 

(maximum ~400 watts/m^/sec) than in August (maximum ~370 watts/mVsec) (Figure 

5b). Calculated UV A (320-400nm) and UVB (290-320nm) were 6.12 % and 0.31 % o f  

PAR respectively*.

Several redox-reactive components (hydrogen peroxide, dissolved oxygen (DO), 

dissolved iron (total, ferrous, and ferric) (<0.45|rm), and dissolved sulfide)) and dissolved 

organic carbon were monitored in the pool and channel o f  4 hot springs (Appendix B). 

Concentrations o f these components varied between hot springs, between sites at a given 

hot spring, and between the July and August sampling periods (Table 11). Most 

component concentrations exhibited diel cycling during both sampling periods. However, 

variations in DOC concentrations did not follow a predictable pattern.

* UV:PAR ratios were calculated from readings obtained in Missoula in April 1998. Lighting conditions 
were similar to those observed in Yellowstone during the summer o f 1996 with a maximum PAR level 
-3 7 5  watts/mVsec.
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Table 11 : Highest water component concentrations (A = higher in August, J = higher in July)
Black Sand Pool Chocolate Pots Nymph Lake
pool channel pool channel Sulfur pool Iron pool Iron channel

H 202 A A A A J J J
DOC J J J A J A A
S" J J SAME SAME SAME SAME SAME
DO - A J J - - J
Fe total (ferrozine) - - A - - J J

Diel cycling o f  hydrogen peroxide and oxygen coincided with variations in PAR  

levels. Concentrations reached maximum levels in the afternoon and dropped to 

minimum levels in the early morning. Average hydrogen peroxide concentrations were 

higher in August than in July except at Nymph Lake (Table 11). Since the DO probe 

could only be used at temperatures less than 60°C, DO measurements were limited to 

channel sites o f  all springs and to the pool at Chocolate Pots. Average DO concentrations 

were higher in July than in August except at Black Sand Pool (Table 11).

D iel cycling o f dissolved iron (total, ferrous, and ferric) was observed in the pool and 

channel at the Nymph Lake-iron spring and in the pool at Chocolate Pots where it cycled 

inversely to hydrogen peroxide, DO and PAR cycles. Dissolved iron was not detected by 

the Ferrozine method at the other hot springs (Table 11). The ferrous iron cycle had 

smaller amplitude than the ferric iron cycle which resulted in a relative increase in ferrous 

iron concentrations during the day and a relative decrease in ferrous iron concentrations 

during the night.

While dissolved sulfide was detected at all sites, diel sulfide cycling was only 

observed at Black Sand Pool and the Nymph Lake-iron pool where sulfide cycled 

inversely to hydrogen peroxide, DO and PAR cycles. Average sulfide concentrations in 

July were higher or equal to concentrations in August at all hot springs (Table 11).
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Site specific observations 

B lack Sand Pool

Hydrogen peroxide concentrations varied from less than 50 nM at night to as much as 

495 nM during the afternoon with higher concentrations in the pool than in the channel 

(Figures 6,7). In addition, concentrations at both sites were higher in August than in July. 

Higher average DO concentrations were also observed in August (Table 12). In contrast, 

sulfide and DOC concentrations were higher in July than in August at both sites.

Hydrogen peroxide and DO concentrations cycled with greater amplitude in August 

than in July (Figure 8). Additionally, there was a positive correlation between hydrogen 

peroxide and DO concentrations (r̂  = 0.72, n=22). In contrast, while hydrogen peroxide 

cycled opposite sulfide cycling (Figures 9,10), there was no correlation between 

hydrogen peroxide and sulfide concentrations in the pool (r̂  = -0.37, n=22) or in 

the channel (r̂  = -0.11, n=22). Sulfide concentrations and cycling were greater in the 

pool than in the channel with higher amplitude in July.

Table 12: Black Sand Pool component concentrations (DOC in mg/l> (sulfide. H ,0 , .iron, and oxygen in uMt
July August

Pool Channel Pool channel
H ,0 , ave 0.159 0.122 0.219 0.136

min 0.051 <0.025 0.040 <0.025
max 0.311 0.417 0.495 0.345

amplitude 0.260 0.280 0.300 0.320
DOC ave 1.24 1.42 <0.5 0.90
S'̂  ave 3.44 0.62 2.19 <0.32

min 2.28 0.32 1.14 <0.32
max 4.00 0.86 3.43 <0.32

amplitude 1.72 0.54 1.25 -

DO ave - 150 - 160
min - 90 - 70
max - 190 - 310

amplitude - 110 - 140
Fe total (ferrozine) - - - -

Fe (ICP) 2.9 3.1 3.0 3.1
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Figure 6 ; Diel variations in hydrogen peroxide concentrations and photosynthetically 
active radiation (PAR) at the pool at Black Sand Pool, Yellowstone National Park
a) July 1996: low hydrogen peroxide concentrations mid-day on July 14 coincide with 
fluctuating PAR levels, b) August 1996: PAR was not measured. UVB -0.31%  PAR, 
UVA -6.12%  PAR.
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active radiation (PAR) at the channel at Black Sand Pool, Yellowstone National Park 
a) July 1996, b) August 1996: PAR was not measured. UVB -0.31%  PAR, 
UVA -6.12%  PAR.
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"igure 8 : Variations in dissolved organic carbon (DOC), dissolved oxygen (DO), and
hydrogen peroxide concentrations at the channel at Black Sand Pool, Yellowstone National 
Park (a) July 1996 (b) August 1996.
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Figure 9: Variations in sulfide and hydrogen peroxide concentrations at the pool at Black 
Sand Pool, Yellowstone National Park (a) July 1996 (b) August 1996.
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Figure 10: Variations in sulfide and hydrogen peroxide concentrations at the channel 
at Black Sand Pool, Yellowstone National Park, (a) July 1996 (b) August 1996.
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Chocolate Pots

Hydrogen peroxide concentrations ranged from less than 50nM in the early morning 

to as much as 630nM in the late afternoon with higher concentrations in the channel than 

in the pool (Figures 11,12). Hydrogen peroxide concentrations at both sites were higher 

in August than in July despite overcast skies in August. In contrast, average DO and 

sulfide concentrations were lower at both sites in August than in July. DOC 

concentrations in the pool were higher in July than in August while DOC concentrations 

in the channel were higher in August than in July (Table 13). Total dissolved iron was not 

detected by Ferrozine analysis in the channel but it was detected in the pool where 

concentrations were higher in August than in July (Table 13).

Hydrogen peroxide concentrations cycled with greater amplitude in August than in 

July (Figures 13,14). In the pool, the hydrogen peroxide cycle preceded the DO cycle by 

4-8 hours. In the channel, the hydrogen peroxide cycle lagged the DO cycle by 4-8 hours. 

There was a positive correlation (r̂  = 0.68, n=l 1) between hydrogen peroxide and DO 

concentrations in the pool but no correlation (r̂  = -0 .2 0 , n = l l )  between hydrogen 

peroxide and DO concentrations in the channel. While sulfide cycling was not observed 

at either site (Figures 15,16), there was a negative correlation (r̂  = -0.64, n=21) between 

hydrogen peroxide and sulfide concentrations in the pool but no correlation (r̂  = 0 .2 1 , 

n=21) between hydrogen peroxide and sulfide concentrations in the channel. In the pool, 

there was a negative correlation (r̂  =  -0.63, n=21) between hydrogen peroxide and total 

dissolved iron concentrations but a positive correlation ( f=  0.58, n=21) between 

hydrogen peroxide and relative ferrous iron concentrations (Figure 17).
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Figure 11 : Diel variations in hydrogen peroxide concentrations and photosynthetical 
active radiation (PAR) at the pool at Chocolate Pots, Yellowstone National Park 
a) July 1996, b) August 1996: PAR was not measured. UVB ~0.31% PAR, 
UVA -6.12%  PAR.
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Figure 12: Diel variations in hydrogen peroxide concentrations and photosynthetically 
active radiation (PAR) at the channel at Chocolate Pots, Yellowstone National Park 
a) July 1996, b) August 1996: PAR was not measured. UVB -0.31%  PAR, 
UVA -6.12%  PAR.
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a) July 1996, b) August 1996. DO was not monitored in August.
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Figure 15: Variations in sulfide and hydrogen peroxide concentrations at the pool at Chocolate 
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concentrations at the Chocolate Pots pool, Yellowstone National Park, 
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iron at the Chocolate Pots pool, Yellowstone National Park, c) July 1996, d) August 1996
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Table 13: Chocolate Pots component concentrations (DOC in mg/1, sulfide, H2O2 , iron, and oxygen in pM, )
. July August

Pool Channel Pool channel
H2 O2  ave 0.113 0.209 0.203 0.235

Min <0.025 0.040 0.086 0.066
Max 0.290 0.483 0.445 0.633

Amplitude 0.180 0.290 0.275 0.370
DOC ave 2.27 1.15 0.9 4.95
S'̂  ave 0.86 0.32 0.32 0.32

Min <0.32 <0.32 <0.32 <0.32
Max 3.43 0.86 1.14 1.14

Amplitude 1.50 0.54 0.80 0.60
DO ave 17.8 160 <6.0 143

Min <6.0 140 <6.0 141
Max 73.4 215 <6.0 147

Amplitude 37.5 42.0 - -

Fe total (ferrozine) 142 - 174 -

Min 115 - 150 -

Max 167 - 188 -

Amplitude 52 - 33 -

Fe total (ICP) 99.7 33.9 107 27.6

Nymph Lake

Hydrogen peroxide concentrations ranged from less than 50nM in the early morning 

to 500nM in the late afternoon. Hydrogen peroxide concentrations were higher in July 

than in August and coincided with higher PAR levels in July (Figures 18,19). Average 

sulfide concentrations were similar for the two months with higher concentrations in the 

pools than in the iron channel. Higher hydrogen peroxide concentrations in the sulfur 

pool in July coincided with higher DOC concentrations in July. In contrast, average DOC 

concentrations in the iron pool and channel were higher in August. Higher average DO 

concentrations were observed in the iron channel in July than in August. Using Ferrozine 

analysis, total dissolved iron concentrations in the iron pool and channel were higher in 

July than in August. Iron was not detected in the sulfur pool by Ferrozine analysis.
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Hydrogen peroxide concentrations in the sulfur pool and the iron channel cycled with 

greater amplitude in August whereas hydrogen peroxide concentrations in the iron pool 

cycled with greater amplitude in July (Figures 18,19). DO concentrations in the iron 

channel did not cycle (Figure 20). In the iron pool, there was no correlation between 

hydrogen peroxide and sulfide concentrations (r̂  = -0.44, n=20) (Figures 21-23). Sulfide 

cycling was not observed in the sulfur pool or the iron channel. In the iron pool and 

channel, hydrogen peroxide cycled inversely to total dissolved iron cycling (Figures 24, 

25). There was a negative correlation between hydrogen peroxide and total dissolved iron 

in the iron pool channel (r̂  = -0.70, n=20) but no correlation between hydrogen peroxide 

and total dissolved iron in the channel (r̂  = -0.48, n=20). There was a positive correlation 

between hydrogen peroxide and relative ferrous iron concentrations in the pool and in the 

channel (r^= 0.58, n=20).

Table 14: Nymph Lake component concentrations (DOC in mg/1, sulfide, H2O2 , iron, and oxygen in pM, )
July August

Sulfur Pool Iron Pool Iron channel Sulfur Pool Iron Pool Iron channel
H2 O2  ave 0.156 0.119 0.198 0.119 0.113 0.152

min 0.079 0.050 <0.025 0.032 0.027 0.029
max 0.443 0.381 0.394 0.298 0.244 0.500

Amplitude 0.230 0.275 0.345 0.250 0.220 0.365
DOC ave 2.56 1.05 1.13 1.70 3.78 2.75
S  ̂ ave 4.00 2.00 0.86 3.71 1.71 0.32

min 2.00 1.71 0.57 2.86 <0.32 <0.32
max 6.86 3,43 1.43 5.71 3.14 0.32

Amplitude 4.86 1.72 0.86 2.85 2.82 -

DO ave - - 169 - - 138
min - - 168 - - 128
max - - 171 - - 147

Amplitude - - 3 - - 19
Fe total (ferrozine) - 73.5 58.2 - 55.6 42.0

min - 52.9 42.4 - 32.0 23.8
max - 86.4 65.1 - 73.5 54.4

amplitude - 33.5 22.7 - 41.6 30.6
Fe total (ICP) 2.4 53.3 45.6 2.6 42.3 33.1
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Figure 18: Die! variations in hydrogen peroxide concentrations and photosynthetically 
active radiation (PAR) at the Nymph Lake-sulfur pool, Yellowstone National Park
a) July 1996, b) August 1996 fluctuating PAR are due to clearing skies.
UVB -0.31%  PAR, UVA -6.12%  PAR.
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Figure 21: Variations in sulfide and hydrogen peroxide concentrations at the Nymph Lake-sulfur 
pool, Yellowstone National Park (a) July 1996 (b) August 1996.
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Figure 22: Variations in sulfide and hydrogen peroxide concentrations at the Nymph Lake-iron 
pool, Yellowstone National Park (a) July 1996 (b) August 1996.
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Figure 23: Variations in sulfide and hydrogen peroxide concentrations at the Nymph Lake-iron 
channel, Yellowstone National Park (a) July 1996 (b) August 1996.
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Figure 24; Diel variations in hydrogen peroxide, total soluble, ferrous and ferric iron 
concentrations at the Nymph Lake-iron pool, Yellowstone National Park, 
a) July 1996, b) August 1996
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Figure 24 cont: Diel variations in hydrogen peroxide, ferrous and ferric iron as percent 
total iron at the Nymph Lake-iron pool, Yellowstone National Park, c) July 1996, 
d) August 1996
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a) July 1996, b) August 1996
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Laboratory study

The laboratory study was designed to determine 1) photochemical hydrogen peroxide 

formation with different regions o f  the solar spectra, 2 ) hydrogen peroxide formation and 

decay by particulate (unfiltered water) versus non-particulate matter (<0 .2 0 pm filtered 

water), and 3) hydrogen peroxide formation and decay by biotic (mats and unfiltered 

water) versus abiotic (autoclaved water) processes. Water from Chocolate Pots was 

selected for the study because the water contains high iron concentrations (5.68mg/i by 

ICP) and four microbial species including a photosynthetic microorganism. Microbial 

mats from the channel contain a photosynthetic microorganism. High iron concentrations 

were desirable to test the theory that metal redox cycling is involved in hydrogen 

peroxide formation. Microbial mats with photosynthetic microorganisms were desired to 

deterrnine i f  hydrogen peroxide is formed through photosynthesis.

Hydrogen peroxide formation

An increase in temperature from 25®C to 48®C produced small but statistically 

insignificant changes in hydrogen peroxide concentrations in controls and experimental 

waters. The exception was autoclaved water which had a small, and apparently 

statistically, significant decrease in hydrogen peroxide concentrations (Table 15).

Table 15: Difference in mean hydrogen peroxide concentrations (nM) 95% confidence (a=0.05)
D e-ion ized  w ater U nfiltered  w ater F iltered  w ater A utoclaved  w ater

Mean 
Std dev

Uncertainty* 
|Pre -  post|

Pre-heat Post-heat Pre-heat Post-heat Pre-heat Post-heat Pre-heat Post-heat

20.2
2.55

21.5
1.98

33.6
3.85

36.2
3.27

41.0
6.60

43.6
4.83

55.8
2.77

48.6
3.71

3.34
1.30

5.22
2.60

5.19
2.60

4.78
7.20

* if  uncertainty is greater than the di 
Experiments were repeated three tim

ference, the means are not statistically di 
es except for autoclaved water which was

fferent (Ott, 1993). 
conducted once.
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Hydrogen peroxide photochemical formation was determined by exposing heated 

water samples to 4 hours o f  solar radiation (Table 16). Hydrogen peroxide concentrations 

increased when exposed to solar radiation (Figure 26). The greatest increase was 

observed with UVA-PAR radiation while UVB-UVA-PAR resulted in hydrogen peroxide 

concentrations similar to those observed with PAR radiation.

Table 16: Solar radiation levels for laboratory experiments (watts/mVsec)
UVB UVA PAR

Natural solar radiation
Oct 97 0.49 ± 0.04 10.98 ± 1.17 215 + 65

Oct 97* 0.35 ± 0.06 7.41 ± 1.46 172 ± 4 0
April 98 0.95 ± 0.07 19.08+ 1.13 312 + 68

Artificial solar
Nov 97 0.27 3.01 -

April 98# 0.41/0.48 3.09 -

* filtered and autoclaved water sample experiments
# UVB levels were for experiments with UVB-UVA and UVB radiation respectively

Net hydrogen peroxide formation was greatest in the region o f  UVA-PAR radiation 

(320-700 nm) except for autoclaved water (Figure 27), Hydrogen peroxide concentrations 

in these samples were 2-4 times greater than concentrations in the dark control (Figure 

27). The other spectral regions, PAR (400-700 nm) and UVB-UVA-PAR (280-700 nm), 

produced lower net increases in hydrogen peroxide concentrations that were 2-3 times 

greater than concentrations measured in the dark control (Figure 27).

Hydrogen peroxide formation in unfiltered and filtered water was not statistically 

different for any region o f the solar spectrum (Figure 27, Table 17). In contrast, hydrogen 

peroxide formation was statistically different between unfiltered and unfiltered- 

autoclaved water with the greatest hydrogen peroxide formation in the unfiltered water. 

Additionally, hydrogen peroxide formation was statistically greater in unfiltered water 

than in unfiltered water with microbial mats except when UVA-PAR was the energy 

source.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



55
160

140

120  -

100

80

40

20

PARblank dark-heated
control

UVA-
PAR

UVB-
UVA-
PAR

•olar radiation
^mats aunfiltered water ^fltered water xautoclaved water
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Table 17: Comparison o f hydrogen peroxide formation (nM) 95% confidence (a=0.05)
between water types with different regions o f solar spectra

M ats w ith  unfiltered w ater and unfiltered  w ater
P A R U V A -P A R U V B -U V A -P A R

Mats/unfiltered unfiltered Mats/unfiltered unfiltered Mats/unfiltered unfiltered

Mean 55 65 127 110 57 60
Std dev 15 13 21 15 15 16

Uncertainty 8 11 9
A mean 10 17 13

U nfiltered  w ater and unfiltered -au toclaved  water
P A R U V A -P A R U V B -U V A -P A R

unfiltered autoclave unfiltered autoclave unfiltered autoclaved

Mean 65 50 110 50 60 45
Std dev 13 8 17 14 16 15

Uncertainty 6 7 7
A mean 15 60 15

U nfiltered  w ater and filtered water
P A R U V A -P A R U V B -U V A -P A R

unfiltered filtered unfiltered filtered unfiltered filtered

Mean 65 65 110 110 65 60
Std dev 13 7 17 10 16 7

Uncertainty 6 8 7
A mean 0 0 5

* if  uncertainty is greater than the difference, the means are not statistically different (Ott, 1993).
Experiments were repeated three times except for autoclaved water which was conducted once.

Hydrogen peroxide formation in unfiltered water and unfiltered water with microbial 

mats varied between the tests conducted in October 1997 and the tests conducted in April 

1998 (Table 18). In April, hydrogen peroxide formation was greater in the unfiltered 

water samples exposed to PAR and UVB-UVA-PAR but greater in the unfiltered water 

with mats exposed to UVA-PAR. In October, hydrogen peroxide formation was similar 

in the two sample types exposed to PAR and UVB-UVA-PAR but greater in unfiltered 

water with mats exposed to UVA-PAR. Hydrogen peroxide formation in filtered water 

was similar for the tests conducted in October 1997 and the tests conducted in April 

1998.
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Table 18: Hydrogen peroxide concentrations (nM) and formation in water exposed to 
4 hrs of mid-day solar radiation

Mats with unfiltered water
date control 
Oct-97 34 +/- 4 
Apr-98 31 +/-2 
average 33 
average net

heated 
36 +/- 3 
33 +/- 3 

34

PAR
103+/-4
7S+/-3

89
-55

UVA-PAR
150+/-9
169+/-15

159
-125

UVB-UVA-PAR
97+/-1
84+/-4

90
-55

Unfiltered water
date control 
Oct-97 38 +/- 3 
Apr-98 31 +/- 2 
average 34 
average net

heated 
42 +/- 4 
36 +/- 5 

39

PAR
96+/-10
108+/-10

102
-65

UVA-PAR
139+/-7

145+/-13
142

-110

UVB-UVA-PAR
100+/-9
114+/-5

107
-70

Filtered water
date control 
Oct-97 41 +/-6 
Apr-98 35 +/- 4 
average 38 
average net

heated 
44 +/- 4 
38 +/- 2 

41

PAR
103+/-4

110+/-12
104
-65

UVA-PAR
150+/-9
148+/12

149
-110

UVB-UVA-PAR
97+/-1

104+/-7
100
-60

Autoclaved water
date control 
Oct-97 56 +/- 2 
average 56 
average net

heated 
49 +/- 3 

49

PAR
100+/-7

100
-50

UVA-PAR 
100+/-12 

100 
-50

UVB-UVA-PAR
83+/-13

93
—45

Controlled light experiments examined hydrogen peroxide formation by UVA and 

UVB radiation. In these experiments, unfiltered water samples were exposed to a narrow 

range o f  the solar spectrum for 4 hours (Table 20). Hydrogen peroxide formation was 

greatest in water exposed to UVB-UVA radiation (Table 19) with hydrogen peroxide 

concentrations 6-7 times greater than concentrations observed in the control. Hydrogen 

peroxide formation in water exposed to UV A radiation was 4-times greater than 

concentrations observed in the control (Table 19) while hydrogen peroxide concentrations 

in water exposed to UVB radiation were only 2-times greater than those observed in the 

control.
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TABLE 19: Hydrogen peroxide concentrations (nM) in unfiltered water exposed to 4 hours of artificial solar radiation
Date Initial Heated UVA-UVB UVA UVB

Nov 97 37 +/- 4 39 +/- 2 - 159+/-5 79 +/- 2
April 98 32 +/- 3 35 +/- 3 206 +/- 10 145 +/- 3 81 +/- 3
April 98 28 +/- 2 32 +/- 3 2 1 7 + /-8 148 +/- 2 79 +/- 4

The amount o f  hydrogen peroxide formed per watt o f  solar energy also varied 

between the two solar spectral regions. In particular, UVB formed l-2nM  o f hydrogen 

peroxide per watt/sec/m^ and UVA formed ~0.3nM o f  hydrogen peroxide per watt/sec/m^ 

(Table 20).

TABLE 20: Hydrogen peroxide formation per watt/sec/m^ o f incident solar radiation
Solar energy (watt/sec/m^) HjOj (nM) Formation rate (nM/ 

watt/sec/m^)
Date UVA UVB UVA UVB UVA UVB

Nov 97 3.01 0.27 159+/-5 19+1-2 0.37 2.03
April 98 3.09 0.41 145+/-3 81+/-3 0.33 1.37
April 98 3.09 0.48 148+/-2 79+/-4 0.33 1.14

Hydrogen peroxide decay

The dark decay study examined the degradation potential o f  particulate versus non­

particulate components and o f  biotic versus abiotic processes. Samples from the 

formation study were used for the dark decay study. These samples were covered 

immediately after the 4 hours exposure to mid-day sun. Hydrogen peroxide 

measurements were taken every 2 or 4 hours. Hydrogen peroxide dark decay was fastest 

in the presence o f microorganisms in microbial mats and unfiltered water (Table 21). The 

half-life for hydrogen peroxide in these waters was 2-4 hours with hydrogen peroxide 

decay fastest in the presence o f microbial mats.

Hydrogen peroxide decay was slowest in the absence o f  particulate matter (filtered 

water <0.2 pm) or by abiotic processes (autoclaved water). These samples showed no net 

hydrogen peroxide decay after 24 hours. In fact, hydrogen peroxide concentrations 

continued to increase in these waters after the samples were removed from the sun.
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Hydrogen peroxide concentrations in both cases reached maximum concentrations at ~4 

hours.

TABLE 21 : Hydrogen peroxide c ark decay
time Mats/unfiltered water unfiltered water filtered water autoclaved water

initial 
2 hrs 
4 hrs 
8 hrs 
12 hrs 
16 hrs 
20 hrs 
24 hrs

Oct97 ApriI98 April98 Oct97 April98 April98 Oct97 April98 April98 Oct97
150
100
68

185
77
45

149
55

139
101
72

164
145
85

135
77
45

93

145
135

115
103
97

126 
152 .

. ^ <1* 4

177
180
168
155
136
122

80

138
140
128
106
85
75

100

148
125

100
92
85
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CHAPTER 4: DISCUSSION

F ield  Study

Hydrogen peroxide concentrations and diel cycling in the hot springs studied are 

consistent with observations in other surface waters (marine and freshwater) (Cooper and 

Lean, 1989; Cooper et al., 1989; Zika et al., 1985). The diel variability in hydrogen 

peroxide concentrations suggests photochemical processes are responsible for hydrogen 

peroxide formation. In other surface waters (fresh and marine), the primary 

photochemical process is the interaction o f  dissolved organic carbon (DOC) with UV  

radiation (Cooper et al., 1988; Cooper et al, 1994). I f  the main pathway responsible for 

hydrogen peroxide formation in surface geothermal waters is the same as that in fresh and 

marine surface waters, hydrogen peroxide concentrations should correspond with DOC 

concentrations.

However, these geothermal waters contain low and variable DOC concentrations that 

do not always correspond with hydrogen peroxide concentrations. The most apparent 

inconsistency between hydrogen peroxide concentrations and DOC concentrations was 

observed at Chocolate Pots. In August, the pool and the channel had similar hydrogen 

peroxide concentrations but different DOC concentrations. In fact, DOC concentrations 

were < 1 .0  mg/1 in the pool and 4.95 mg/1 in the channel. Similar observations were 

made at the other springs. This lack o f  a significant relationship between DOC and 

hydrogen peroxide concentrations suggests that additional pathways are responsible for 

hydrogen peroxide formation.
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The primary candidate for an alternative pathway is the formation o f  hydrogen

peroxide as a by-product in metal redox cycling. Zuo and Hoigne (1992) demonstrated

hydrogen peroxide formation through the photoreduction o f  ferric-oxalates in

atmospheric waters with as little as IpM  ferric iron. Additionally, Scully et al. (1996)

observed higher than expected hydrogen peroxide concentrations in near neutral and

slightly acidic wetland and bog waters with iron concentrations as low as 0.175mg/l

(~3pM ). Zuo and Hoigne proposed that ferric iron complexes were photoreduced to

ferrous iron (equation 17). The ferrous iron then reacted with the hydroperoxyl radical

(HO2/O2 ) forming hydrogen peroxide (equation 18). They demonstrated that hydrogen

peroxide formation rates increased with increasing ferric iron concentrations. If similar

processes occur in geothermal waters, then photo-reactions with iron could be a major

source for hydrogen peroxide formation. In fact, these geothermal waters contain iron

concentrations that are as much as 10-times the concentrations observed by Scully et al.

(1996). Additionally, ferrous iron concentrations at 3 sites exhibited diel cycling that

coincided with hydrogen peroxide cycling; that is, higher hydrogen peroxide

concentrations were observed with higher ferrous iron concentrations. Although total iron

concentrations were higher at Chocolate Pots than at Nymph Lake-iron spring, the day-

night change in ferrous iron concentrations was -0 .9  mg/1 (16pM ) at both locations. This

suggests a causal-effect mechanism where the higher iron concentrations are responsible

for hydrogen peroxide formation.

F e ( I I I ) F e ( I I )  (17)
HO2/O2 + Fe(II) H2O2 +  Fe(III) (18)
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Besides iron concentrations, water pH also affects hydrogen peroxide formation. Zuo

and Hoigne (1992) determined that hydrogen peroxide formation rates through metal

redox reactions were controlled by pH, Below pH 4.8, the dominant species is the

hydroperoxyl radical that has greater reactivity with ferrous iron to form hydrogen

peroxide (2-3 orders o f  magnitude greater) than the reaction with ferric iron to form

oxygen (equations 19-20). Above pH 4.8, the dominant species is the superoxide radical

which reacts more quickly with ferric iron to form oxygen than with ferrous iron to form

hydrogen peroxide (equations 21-22) (Zuo and Hoigne, 1992). Thus, at lower pH, the

dominant product should be hydrogen peroxide. This was indeed the case where

hydrogen peroxide yield was 3-4 times greater at Nymph Lake-iron spring (pH -3 .40 )

than at Chocolate Pots pool (pH -5 .75). Additionally, hydrogen peroxide yield was

apparently higher in the Nymph Lake-iron channel than in the Nymph Lake-iron pool. If

hydrogen peroxide yield from iron is the same within a given system, than the difference

in hydrogen peroxide yield in the Nymph Lake-iron channel and the Nymph Lake-iron

pool must be due to other factors.

HO2 + F e ( I I ) H 2O2 + Fe(III) k=L2xlO" (19)
HO2 +Fe(III) - > 0 2  + Fe(II) k=<10" (20)
O2 + Fe(II) ->  H2O2 + Fe(III) k=l .0x10’ (21)
O2 + Fe(III)->  O2 + Fe(II) k= 1.5x10" (22)

In addition to dissolved metals and pH, several other factors may influence hydrogen 

peroxide concentrations within a system. These factors are 1) mixing within the water 

column, 2) different formation rates and mechanisms, and 3) different degradation rates 

and mechanisms.
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M ixing o f  hydrogen peroxide throughout the water column may greatly affect surface 

hydrogen peroxide concentrations. The channels are only a few inches deep with 

undoubtedly constant hydrogen peroxide concentrations throughout the water column. In 

contrast, the pools range from <0.5 meter deep to several meters deep. The super-heated 

waters entering the pool from the vent probably cool as they rise in the water column and 

contact the atmosphere. These ‘cooler’ waters may sink into the water column taking 

hydrogen peroxide and oxygen with them. The extent o f  this theoretical water cycling is 

unknown and warrants further investigation with hydrogen peroxide depth profiles.

Hydrogen peroxide formation rates in the pools may be less than in the channels as a 

result o f  lower DO concentrations in the pool. Although DO was not measured in the 

pools, the oxygen concentrations were undoubtedly low due to the high pool temperatures 

which limit oxygen solubility. The oxygen concentration in the pools may be controlled 

not only by temperature but also by surface area. A  larger surface area allows for a 

greater air-water flux o f  oxygen. Also, water vapor over the pool may absorb oxygen as it 

cools. When the water vapor cools, it condenses and drops into the pool providing an 

additional source o f  oxygen to the pool. In other environments, this contribution is 

extremely small but in these geothermal waters it may be sufficient to allow for hydrogen 

peroxide formation.

While high oxygen concentrations in the channels may result in greater hydrogen 

peroxide formation, biological activity may also contribute to hydrogen peroxide 

formation. Stevens et al (1973) reported biological (photosynthetic) hydrogen peroxide 

formation in marine and freshwater cyanobacteria. If similar processes occur in the
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cyanobacteria and other photosynthetic microbes in these geothermal waters, then 

biological activity may contribute to hydrogen peroxide formation in these waters. While 

this was not determined, biological formation o f  hydrogen peroxide may account for 

higher hydrogen peroxide concentrations in the Chocolate Pots channel in July despite 

lower DOC and iron concentrations than in the pool. Higher hydrogen peroxide 

concentrations were also observed at the Nymph Lake-iron channel than at the Nymph 

Lake-iron pool despite similar DOC and iron concentrations.

An additional cause for lower net hydrogen peroxide yield in the pools may be greater 

hydrogen peroxide degradation in the pools than in the channels. This may occur through 

hydrogen peroxide oxidation o f  sulfide (Millero et al, 1989) where sulfide cycled 

inversely to hydrogen peroxide cycling and where sulfide concentrations were higher in 

the pools than the channels. In particular, lower hydrogen peroxide concentrations in the 

pools coincided with higher sulfide concentrations. This suggests that hydrogen peroxide 

concentrations may be partially controlled through degradation by sulfide.

Besides sulfide oxidation by hydrogen peroxide, other factors may be responsible for 

hydrogen peroxide degradation. This is especially evident at night where decreasing 

hydrogen peroxide concentrations indicated hydrogen peroxide decay exceeded 

formation. Another possible pathway for hydrogen peroxide degradation is the chemical 

interaction o f  hydrogen peroxide with ferrous iron. Hydrogen peroxide concentrations at 

night decreased as relative ferrous iron concentrations decreased and ferric iron 

concentrations increased. This cycling o f  iron and hydrogen peroxide is consistent with 

hydrogen peroxide degradation through Fentons reactions (equations 23-24) (Zuo and
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Hoigne, 1992). This reaction is extremely slow and is only noticeable at night when ferric

iron accumulates due to a lack o f  photoreduction.

Fe(II) + H2 O 2  -4 . Fe(III) + HO + HO k=76 (23)
Fe(II) + HO ->  Fe(III) + HO (24)

Another mechansim for hydrogen peroxide decay may be biological degradation. This 

process was not determined in the field study but it was examined in the laboratory study.

Laboratory experiments

The laboratory experiments successfully addressed questions concerning hydrogen 

peroxide formation by irradiating samples with specific regions o f  the solar spectrum. 

Hydrogen peroxide degradation was studied by differentiating between particulate and 

non-particulate matter and between biotic and abiotic processes.

Hydrogen peroxide decay

In these surface geothermal waters, hydrogen peroxide decay was mediated primarily 

by particulate matter (> 0.2 pm) that was not stable during autoclaying. This particulate 

matter was most likely microbes. Hydrogen peroxide degradation also occurred to a much 

smaller extent through the interactions o f  non-particulate and abiotic matter. Hydrogen 

peroxide degradation occurred through chemical reactions inyolving metals in Fentons 

type reactions (equations 23-24) and, to a lesser extent, Haber-Weiss type reactions 

(equation 25) (Zuo and Hoigne, 1992). In these waters, the metals possibly inyolyed in 

these reactions may include iron, manganese, and arsenic. In fact in this study, net ferric 

iron concentrations increased at night with a corresponding decrease in ferrous iron and 

hydrogen peroxide concentrations.

Fe(II) +  U 2O 2  -4  Fe(III) + HO + HO k=76 (23)
Fe(II) + HO -4 . Fe(III) + HO (24)
Fe(III) + H2O2-4  Fe(II) + HO2 + H  ̂ k=very slow (25)
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Hydrogen peroxide formation

If hydrogen peroxide formation proceeds by the same pathways (photochemical 

reactions with DOC and metals) in surface geothermal waters as observed by Scully et 

al., (1996) in iron-rich wetland and bog waters, then both UVB and UVA radiation 

should play significant roles in hydrogen peroxide formation. Additionally, while UVB  

should be the more efficient energy source as demonstrated by Cooper et al. (1994), UVA  

radiation should contribute the most to the overall formation o f  hydrogen peroxide as 

demonstrated by Scully et al. (1996). This was indeed the case in the controlled hydrogen 

peroxide formation studies where UVB radiation was 3-5 times more efficient than UVA  

radiation while UVA radiation formed approximately twice as much hydrogen peroxide 

as UVB radiation. Possible sources for hydrogen peroxide formation with these energy 

sources are the interaction o f  DOC with UV radiation and the interaction o f  metals with 

UV radiation. While DOC absorbs in the solar spectral region o f  290-400nm, several iron 

complexes and species (iron hydroxide, iron oxalates) absorb in the solar spectral region 

o f  290-570nm. In acidic waters, iron hydroxides (Fe(OH)^^) are the dominant iron 

species. These iron complexes absorb in the solar spectral region 290-400nm (Zuo and 

Hoigne, 1992). The ferric ion, which is also present in acidic waters, absorbs in the 290- 

340nm solar spectral region (Zuo and Hoigne, 1992). Iron oxalate complexes absorb in 

the solar spectral region o f  290-570nm (Zuo and Hoigne, 1992). Therefore, hydrogen 

peroxide formation with UVA radiation may occur through metal redox cycling.
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When regions o f  the solar spectrum were combined through the use o f  filtered solar 

radiation, net hydrogen peroxide formation changed. In these laboratory experiments 

using natural solar radiation, UVA-PAR formed more hydrogen peroxide than did PAR. 

In contrast, hydrogen peroxide formation with UVB-UVA-PAR was less than with UVA- 

PAR alone. Hence, UVB may affect hydrogen peroxide concentrations in these surface 

geothermal waters by either degrading hydrogen peroxide or by disrupting a hydrogen 

peroxide formation pathway. To distinquish between these possibilities, experiments 

using UVB, UVA, and UVB-UVA light sources were conducted in a laboratory cabinet.

In the controlled light experiments, hydrogen peroxide formation when UVB-UVA  

was the energy source was equivalent to the sum o f  that produced by UVA and UVB as 

separate sources. This indicates that UVB radiation did not degrade hydrogen peroxide 

and that hydrogen peroxide formation is indeed additive for the two energy sources. 

Therefore, UVB radiation may instead interfere in hydrogen peroxide formation with 

PAR by blocking a production pathway as might occur with biological formation.

To determine i f  biological formation o f  hydrogen peroxide does occur, unfiltered 

water and unfiltered-autoclaved water samples were exposed to filtered solar radiation. 

Net hydrogen peroxide formation was greater in the water containing living organisms 

than in the water containing killed organisms suggesting that living organisms may 

indeed mediate hydrogen peroxide formation. While the net hydrogen peroxide formation 

in the autoclaved water was similar for all energy sources, the higher net hydrogen 

peroxide formation in unfiltered water exposed to UVA-PAR and the lower net hydrogen
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peroxide formation in the unfiltered water exposed to UVB-UVA-PAR suggests that 

UV B may indeed disrupt biological hydrogen peroxide formation.
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CHAPTER 5: CONCLUSIONS

Hydrogen peroxide was found in surface geothermal waters at concentrations 

comparable to those observed in marine and ffeshwaters. These concentrations exhibited 

diel cycling suggesting photochemical formation. In other surface waters, the primary 

photochemical mechanism for hydrogen peroxide formation involves dissolved organic 

carbon (DOC) and UVB radiation (280-320nm), While UVB radiation (280-320nm) 

forms more hydrogen peroxide per watt o f  solar energy than UVA radiation (320- 

400nm), UV A is responsible for the majority o f  hydrogen peroxide formation in these 

waters. At the lower energy UVA radiation, hydrogen peroxide formation occurs 

primarily through metal redox cycling. Therefore, the primary pathway for hydrogen 

peroxide formation in geothermal waters is through metal redox cycling.

Hydrogen peroxide concentrations at depth depend on mixing (Zika et al., 1985) and 

the depth to which different regions o f  the solar spectra penetrate the water (Scully et al., 

1996). Because UVA radiation can penetrate to greater depths than UVB radiation, it may 

be responsible for greater than expected hydrogen peroxide formation at depth in clear 

geothermal waters. The depth to which UV radiation penetrates the water column and the 

depth at which hydrogen peroxide forms could greatly influence microbial ecology and 

evolution.

Additionally, hydrogen peroxide formation and degradation through metal redox 

cycling affects the oxidation state and the bioavailabilty o f the metals which may affect 

biological processes. This in-tum may also affect microbial ecology and evolution.

The first microorganisms probably lived at depths to escape the harmful effects o f UV 

radiation (Sagan, 1973). These microbes probably utilized metals as an energy source 

(Brock et al, 1994) and as a shield against UV radiation. When the first photosynthetic 

organisms evolved, the oxygen formed was probably harmful to the organisms. To 

neutralize the oxygen, these organisms may have utilized natural chemical reactions with 

metals to convert oxygen to the superoxide radical, then to hydrogen peroxide, and finally

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



7 0

to water. Eventually, the microbes probably mediated hydrogen peroxide degradation by 

utilizing intracellular and/or extracellular metals in chemical reactions (Calvin, 1959). 

This method for hydrogen peroxide degradation may have been the first step in the 

development o f  hydrogen peroxide neutralizing enzymes with successive steps in enzyme 

development providing greater protection from hydrogen peroxide.

In this study, hydrogen peroxide degradation was mediated primarily by the microbes 

that inhabit the geothermal waters. It is not known whether these microbes mediate 

hydrogen peroxide degradation through enzymatic processes such as peroxidase and/or 

catalase or whether they mediate hydrogen peroxide degradation through chemical 

reactions such as Fentons type or Haber-Weiss reactions. The genetically close 

relationship o f  these microbes to the earliest microbes suggests that some o f these 

microbes may use the latter less efficient methods to neutralize hydrogen peroxide.

While this study focused on iron-rich hot springs, similar hydrogen peroxide 

concentrations may be observed in other iron-rich environments (i.e. acid mine drainage). 

Besides iron, other redox sensitive metals such as arsenic and manganese may also be 

responsible for hydrogen peroxide formation in geothermal waters and other surface 

waters. Understanding how metal redox cycling and hydrogen peroxide affect microbial 

ecology and evolution will be beneficial in distinguishing fossils o f  early organisms from 

non-biotic crystalline forms preserved in Precambrian rocks.
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APPENDIX A -  Pilot Study

Experimental Design

Two hot springs in Yellowstone National Park (Sulphide Spring and Black Sand 

Pool) were selected to determine the existence o f  hydrogen peroxide in surface 

geothermal waters. Hot spring selection criteria were accessibility, proximity to 

electricity, and water pH.

Site selection criteria were water temperatures in the pool and in the runoff channels. 

The pools and one or two sites in the run-off channels were sampled to determine if  

temperature affected hydrogen peroxide concentrations. The pool sites were near the 

outflow channels and the channel sites were 3-30 meters downstream from the pool.

Sampling was conducted during the afternoons o f  May 10 and 11, 1996.

Results and Discussion

Analysis o f  two hot springs indicated hydrogen peroxide is present in geothermal 

waters (Table A l). Hydrogen peroxide concentrations at Black Sand Pool varied with 

time o f  day and sunlight exposure. Hydrogen peroxide concentrations were higher in late 

afternoon than in early afternoon and higher at sunlit sites than at shaded sites. Early 

afternoon hydrogen peroxide concentrations were higher in the channel (100 nM) than in 

the pool (60 nM). Late afternoon hydrogen peroxide concentrations were highest at the 

pool (275 nM) and lowest at a shaded site (110 nM). Late afternoon hydrogen peroxide 

concentrations decreased at a shaded site and increased slightly at a site exposed to 

sunlight. Hydrogen peroxide concentrations at Sulphide Pool also varied between the 

pool and the channel site. Hydrogen peroxide concentrations were higher in the pool (140 

nM) than in the channel (80 nM).

Conclusions

Hydrogen peroxide is present in surface geothermal waters. Hydrogen peroxide 

concentration variations between shaded sites and sunlit sites suggest that hydrogen 

peroxide formation is through photochemical processes. Concentrations vary between
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pool sites and channel sites which may be a consequence o f  shading rather than different 

rates o f  formation.

Table A l: Hydrogen peroxide pilot study
distance from pool pH temp r u ) H202 concentration (nM) sunlight

Black Sand Pool 1:30PM 4:00PM
pool 8.10 85.0 60 275 sun

channel 15 meters 8.30 63.7 80 110 shade
channel 30 meters 8.93 21.4 100 160 sun

Sulphide Spring
' 70J8

3:00PM
pool 5.38 140 sun

channel 1 meter NA NA NA shade
channel 3 meters 5.88 57.2 80 sun

NA - not analyzed hydrogen peroxide method detectlon limit (MDL) 32.6 nM
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ceptometer
21
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0.98

1
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3.5 
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APPENDIX C - Hot spring water chemistry: diel study 74

Black Sand Pool Chocolate Pots Nymph Lake
pool channel pool channel sulfur pool iron pool channel

July August July August July August July August July August July August July August
D o c e e
8:00AM

—a.adiaa
1.41

*as-b
<0.5 1.65

r In
1.46 ^L75^ 1.97 0.93 0.62 2.24 0.59

. ww 
0.88 4.36

Noon 0.69 <0.5 1.9 <0.5 2.35 <0.5 1.11 6.73 2.33 <0.5 0.72 2.7 0.91 4.49
4:00PM <0.5 <0.5 2.36 <0.5 2.65 <0.5 0.75 4.72 2.5 <0.5 0.84 4.91 0.81 <0.5
8:00PM <0.5 <0.5 2.38 <0.5 2.1 0.58 0.71 8.56 3.38 <0.5 1.05 0.63 0.97 5.67
Midnight <0.5 <0.5 1.08 2.25 4.28 <0.5 0.71 0.55 2.42 4.5 0.85 4.54 0.97 <0.5
4:00AM 0.5 <0.5 <0.5 0.98 0.85 1.38 0.75 8.5 2.42 3.6 0.86 4.34 0.9 1.6
8:00AM 1.2 NA <0.5 NA 3.1 NA 1.61 NA 1.85 NA 1.7 NA 0.97 NA
Noon 2.28 NA <0.5 NA 0.74 NA 1.72 NA 2.17 NA 1.05 NA 0.91 NA
4:00PM 2.53 NA 0.53 NA 2.11 NA 0.62 NA 5.18 NA 0.79 NA NA NA
8:00PM NA NA <0.5 NA 0.7 NA 1.67 NA 2.1 NA 1.08 NA 1.35 NA
Midnight 2.57 NA 4.18 NA 1.34 NA 2.06 NA 1.6 NA 1.61 NA 2.58 NA
average 1.60 <0.5 1.42 0.90 2.27 0.90 1.15 4.95 2.56 1.70 1.05 3.78 1.13 2.75

8:00 AM o i l 0 Î2 '
iaSi,.,., > 

0.01 <0.01 NA 0.04
— &AÂ*

NA '1)03^ 0.24

ft

”0.09 NA
MM

“0.03 NA
Noon 0.09 0.06 0.03 <0.01 0.12 0.02 0.03 0.01 0.19 0.12 0.03 0.03 0.05 0.03
4:00PM 0.11 0.04 0.02 <0.01 <0.01 0.01 <0.01 <0.01 0.16 0.15 0.05 0.03 0.04 0.02
8:00PM 0.11 0.06 0.02 <0.01 0.1 <0.01 0.01 <0.01 0.12 0.10 0.12 Oil 0.03 0.02
Midnight Oi l 0.05 0.05 <0.01 0.03 <0.01 0.02 <0.01 0.07 0.12 0.06 0.08 0.03 0.01
4:00AM 0.12 0.05 0.01 <0.01 0.06 0.01 <0.01 0.03 0.15 0.05 0.10 0.04 0.02 <0.01
8:00AM O il 0.07 0.01 <0.01 0.01 0.04 0.01 0.04 0.16 0.20 0.06 0.06 0.03 <0.01
Noon 0.08 0.07 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.11 0.15 0.03 <0.01 0.03 <0.01
4:00PM 0.13 0.06 0.01 <0.01 0.01 0.01 0.15 0.14 0.04 <0.01 0.03 <0.01
8:00PM O il 0.08 0.02 <0.01 <0.01 0.01 0.10 0.12 0.05 0.08 0.02 <0.01
Midnight 0.14 0.07 0.02 <0.01 0.01 NA 0.01 NA 0.12 0.12 0.10 0.08 0.04 0.01
average 0.11 0.07 0.02 <0.01 0.03 0.01 0.14 0.13 0.07 0.06 0.03 0.01

sTooam ' NA NA '4.00 2.20 '235 ND

»KMSsS«ia»»*ây«

5.50 ' 4 .50"' Na " NA 'n a n a ‘ NA NA
Noon NA NA 4.80 9.80 0.30 ND 6.90 4.50 NA NA NA NA 5.37 4.60
4:00PM NA NA 5.80 7.50 0.60 ND 4.90 4.70 NA NA NA NA 5.43 4.60
8:00PM NA NA 5.20 4.40 0.20 NA 4.80 NA NA NA NA NA 5.38 4.40
Midnight NA NA 2.80 3.50 ND NA 4.60 NA NA NA NA NA 5.40 4.60
4:00AM NA NA 4.60 3.20 ND NA 4.50 NA NA NA NA NA 5.46 4.70
8:00AM NA NA 3.50 4.00 0.20 NA 5.10 NA NA NA NA NA 5.40 4.30
Noon NA NA 7.80 7.20 1.00 NA 5.25 NA NA NA NA NA 5.40 4.10
4:00PM NA NA 5.10 8.70 1.20 NA 5.05 NA NA NA NA NA 5.50 4.30
8:00PM NA NA 6.10 4.30 ND NA 4.50 NA NA NA NA NA 5.37 4.30
Midnight NA NA 3.90 3.20 0.40 NA 5.10 NA NA NA NA NA 5,39 4.30
average NA NA 4.87 5.27 0.57 ND 5.11 4.56 NA NA NA NA 5.41 4.42

8:00AM
i K K z n

154 *^201 <DL 5 9 " " 48 '30  "

— — 

"47^' 81 NA 50 NA" <dl” ~ N A
Noon 205 125 74 270 290 155 136 94 104 NA 107 NA 274 NA
4:00PM 311 189 83 345 184 178 334 392 203 217 324 244 358 309
8:00PM 92 201 51 128 <DL 239 378 266 149 108 157 107 188 111
Midnight 51 40 <DL 50 43 86 40 139 127 38 160 27 115 29
4:00AM 103 89 67 41 29 139 40 66 115 40 130 35 31 29
8:00AM 168 190 25 58 <DL 88 51 244 108 32 103 90 <DL 90
Noon 200 402 85 244 158 361 203 290 443 130 381 150 394 121
4:00PM 128 495 417 87 100 445 483 633 101 298 356 175 242 500
8:00PM 190 330 158 90 75 287 394 178 203 130 173 155 133 134
Midnight 142 195 61 48 80 NA NA NA 79 75 101 34 47 44
average 159 219 122 136 113 203 209 235 156 119 186 113 198 152
NA= not 
ND= not

analyzed 
detected
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Black Sand Pool Chocolate Pots Nymph Lake
pool channel pool channel sulfur pool iron pool channel

July August July August July August July August July August July August July August
wiuble ire
8:00AM

«A iË !
ND ND ND

..

8.84 10.08 ND ND ND NA 4.68 ”n a ‘
tt- HfÜMtètrXt,

3.35 NA
Noon ND ND ND ND 6.94 8.23 ND ND ND ND 3.92 2.71 3.58 2.26
4:00PM ND ND ND ND 6.33 9.80 ND ND ND ND 2.91 2.28 2.92 2.32
8:00PM ND ND ND ND 8.20 10.12 ND ND ND ND 4.4 3.69 3.68 2.85
Midnight ND ND ND ND 8.50 10.03 ND ND ND ND 4.62 4.04 3.38 2.99
4:00 AM ND ND ND ND 9.20 10.24 ND ND ND ND 4.75 3.77 3.41 2.6
8:00 AM ND ND ND ND 8.30 10.35 ND ND ND ND 3.44 3.21 2.33 2.18
Noon ND ND ND ND 5.90 8.82 ND ND ND ND 3.83 1.98 2.87 1.33
4:00PM ND ND ND ND 7.81 8.95 ND ND ND ND 3.39 1.76 2.68 1.31
8:00PM ND ND ND ND 6.84 9.24 ND ND ND ND 3.98 3.54 3.46 2.71
Midnight ND ND ND ND 9.13 NA ND NA ND ND 4.50 3.61 3.53 2.57
average ND ND ND ND 7.82 9.59 ND ND ND ND 4.04 3.06 3.20 2,31

terrousiiroËMëÛ / *4- < ri->

8:00AM ND ND ÏW ND 4.31 5.13 ND ND ND ND 2.49 ' NA " 1.96 NA
Noon ND ND ND ND 3,76 4.25 ND ND ND ND 2.45 1.66 2.10 1.33
4:00PM ND ND ND ND 3.40 4.85 ND ND ND ND 2.25 1.57 1.83 1.43
8:00PM ND ND ND ND 4.16 5.06 ND ND ND ND 2,10 1.87 1.98 1.57
Midnight ND ND ND ND 4.16 4.96 ND ND ND ND 2.39 2.01 1.95 1.60
4:00AM ND ND ND ND 4.52 4.81 ND ND ND ND 2.37 1.95 1.88 1.51
8:00AM ND ND ND ND 4.25 5.05 ND ND ND ND 1.34 1.37 0.94 1.08
Noon ND ND ND ND 3.44 4.35 ND ND ND ND 2.08 1.07 1.82 0.77
4:00PM ND ND ND ND 4.35 4.94 ND ND ND ND 1.90 0.95 1.57 0.84
8:00PM ND ND ND ND 3.33 4.65 ND ND ND ND 1.95 1.79 1.82 1.47
Midnight ND ND ND ND 4.43 NA ND NA ND ND 2.30 1.79 1.99 1.41
average ND ND ND ND 4.01 4.81 ND ND ND ND 2.15 1.60 1.80 1.30

fëinS&oa
&OOAM

m i ^
ND ND ND 3 i b 4.53 "■n d '' ND ND ND ' 2.19 NA

■4 'w y *  »

1.39 NA
Noon ND ND ND ND 3.18 3.98 ND ND ND ND 1.47 1.05 1.48 0.93
4:00PM ND ND ND ND 2.93 4.95 ND ND ND ND 0.66 0.71 1.09 0.89
8:00PM ND ND ND ND 4.04 5.06 ND ND ND ND 2.30 1.82 1.70 1.28
Midnight ND ND ND ND 4.34 5.07 ND ND ND ND 2.23 2.03 1.43 1.39
4:00AM ND ND ND ND 4.68 5.43 ND ND ND ND 2.38 1.82 1.53 1.09
8:00AM ND ND ND ND 4.05 5.30 ND ND ND ND 2.10 1.84 1.39 1.10
Noon ND ND ND ND 2.46 4.47 ND ND ND ND 1.75 0.91 1.05 0.56
4:00PM ND ND ND ND 3.46 4.01 ND ND ND ND 1.49 0.81 1.11 0.47
8:00PM ND ND ND ND 3.51 4.59 ND ND ND ND 2.03 1.75 1.64 1.24
Midnight ND ND ND ND 4.70 NA ND NA ND ND 2.20 1.82 1.54 1.16
average ND ND ND ND 3.81 4.78 ND ND ND ND 1.89 1.46 1.40 1.01
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APPENDIX D - ICP Analysis
Method: BASICSED, Run date: 9/13/96
Sample Name Type Mode AI3082 As1S90 8 2497 Ca3158 Cd2265 Co2286 Cr2677 CU3247
Blank Std IR -0.148 -0.00771 1.12024 5.62124 0.15232 0.30403 0.19611 0.4175
SED2 Std IR 2127.71 485.442 276.568 979.177
SED3 Std IR 1351.19
SED4 Std IR 18.2139 934.658 449.272
BLANK Unk CONC 0.019 0.009 0.0007 -0.0035 0.001 0.0035 -0.0005 -0.0005
Blank Std IR 0.41 0.037 0.4543 10.76 0,3103 0.5208 0.3122 0.0376
BLANK1 Unk CONC -0.001 -0.006 -0.003 0.0354 0.0023 0.0017 0.0005 0.001
Blank Std IR 0.146 0.008 0.6646 5.88 0.1646 0.3673 0.1553 0.3445
BLANK2 Unk CONC 0.002 -0.002 -0.002 -0.0087 0.0008 -0.001 0.0009 0.0002
COMPOSITE Unk CONC 10.3 1.05 1.028 10.63 1.066 1.069 1.019 1.032
USGS T121 Unk CONC 0.091 0.008 0.0949 6.028 0.0097 0.0052 0.0189 0.005
Nymph Lake collection date 6/30/96
sulfur pool 1200 Unk CONC 0.166 4.14 7.665 1.685 0 -0.0004 0.008 -0.0037
sulfur pool 2400 Unk CONC 0.155 4.03 7.426 1.616 0.0001 -0.0003 0.0087 -0.0072
Iron pool 1200 Unk CONC 1.42 0.358 1.78 6.658 0.0003 -0.0006 0.0088 -0.0073
iron pool 2400 Unk CONC 1.36 0.375 1.759 6.611 0.0009 -0.0001 0.0087 -0.0074
iron channel 1200 Unk CONC 1.51 0.297 1.879 7.048 0.0005 -0.0007 0.0082 -0.0068
iron channel 2400 Unk CONC 1.42 0.359 1 832 6.792 0.0007 -0.0005 0.0083 -0.0075
Chocolate Pots collection date 7/1/96
pool 1200 Unk CONC 0.112 0.053 0.4713 23.4 0.0003 -0.0003 0.0043 -0.0037
pool 2400 Unk CONC 0.151 0.051 0.4627 23.8 0.0007 0.0007 0.0036 -0.0036
channel 1200 Unk CONC 0.066 0.024 0.4689 23.5 0.0008 -0.0009 0.0039 -0.0036
channel 2400 Unk CONC 0.071 0.035 0.4665 24.16 0.001 0.0011 0.0039 -0.0035
COMPOSITE Unk CONC 10.1 1.03 1.018 10.82 1.074 1.076 1.022 1.004
lOppm Li Std IR
Li Blank Std IR
lOppm Li Std IR
lOppm LI Unk CONC 0.005 0.005 0.0003 -0.0247 0.0008 0.0009 -0.001 0.0001
Black Sand Pool collection date 7/13/96
pool 1200 Unk CONC 0.476 1.73 3.344 0,3991 0,0013 0.0017 0.0084 -0.0077
channel 1200 Unk CONC 0.443 1.8 3.563 0.4264 0.0005 0.0008 0.012 -0.0093
channel 1200.3 Unk CONC 0.454 1.7 3.451 0.41 -0.0007 -0.0008 0.0145 -0.0096
pool 2400 Unk CONC 0.442 1.65 3.307 0.383 0.0001 -0.0007 0.0114 -0.0082
channel 2400 Unk CONC 0.452 1.81 3.594 0.4271 0.0006 0.0017 0.0089 -0.0076
channel 2400.3 Unk CONC 0.451 1.72 3.419 0.4072 -0.0002 0.0005 0.0121 -0.0085
channel 2400.3 REP Unk CONC 0.452 1.8 3.554 0.4181 0.0009 0.0014 0.0102 -0.0085
COMPOSITE Unk CONC 9.86 1.03 1.019 10.68 1.064 1.059 1.014 0.989
Nymph Lakecol lection date 8/6/96
sulfur pool 1200 Unk CONC 0.25 3.87 7.296 1.764 0.0017 0.0015 0.0074 -0.0064
sulfur pool 1200 DU Unk CONC 0.244 3.85 7.181 1.764 0.0013 0.0015 0.0077 -0.0066
sulfur pool 2400 Unk CONC 0.176 3.88 7.287 1.702 0.0012 0.0001 0.0089 -0.0063
sulfur pool 2400 SPI Unk CONC 1.34 5.79 7.251 57.56 0.0013 0.0018 0.0071 -0.0083
iron pool 1200 Unk CONC 1.06 0.285 1.811 6 825 0.002 0.0002 0.0069 -0.0066
iron pool 2400 Unk CONC 1.08 0.357 1.814 7,025 0.0011 -0.0006 0.0238 -0.007
iron channel 1200 Unk CONC 1.12 0.215 1.88 7.098 0.0008 0.0001 0.0064 -0.0063
Iron channel 2400 Unk CONC 1.12 0 317 1.858 7.247 0.0013 0.0003 0.0079 -0.007
Chocolate Pots collection date 8/17/96
pool 1200 Unk CONC 0.146 0.046 0.4614 23.5 0.0017 0.0015 0.0032 -0.0037
pool 1200 DUPLICA Unk CONC 0.153 0.054 0.4579 23.9 0.0016 0.001 0.0042 -0.0041
pool 1200 SPIKE Unk CONC 1.3 2.77 1.861 73.8 0.0026 0.0033 0.0045 -0.006
pool 2400 Unk CONC 0.148 0.046 0.4491 23.87 0.0022 0.0008 0.0031 -0.003
channel 1200 Unk CONC 0.081 0.027 0.4559 23.69 0.0016 0.0017 0.0025 -0.0034
channel 2400 Unk CONC 0.077 0.038 0.4516 24.17 0.0003 0.001 0.0043 -0.0029
COMPOSITE Unk CONC 10 1.03 1.031 10.81 1.072 1.073 1.019 0.9941
Black Sand Pool collection date 8/20/96
pool 1200 Unk CONC 0.453 1.67 3.274 0.3789 0.0017 0.0014 0.0089 -0.0057
pool 2400 Unk CONC 0.444 1.67 3.31 0.4879 0.0011 0.0017 0.0114 -0.009
channel 1200 Unk CONC 0.442 1.8 3.559 0.4216 0.0008 0.0014 0.011 -0.0091
channel 2400 Unk CONC 0.429 1.79 3.507 0.4102 0.0006 0.001 0.0098 -0.009
COMPOSITE Unk CONC 9.99 1.05 1.032 11.12 1.098 1.092 1.039 0.9872
BLANK Unk CONC 0.002 0.002 0.0116 0.0049 0.0008 0.0008 0.0004 -0.0004
COMPOSITE Unk CONC 10 1.03 0.9989 11.05 1.09 1.09 1.035 0.9917
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ADDENDIX D: ICP Analysis 7 7

Method: BASICSED, Run date: 9/13/96
Sample Name Fe2399 K 7664 LI6707 Mg2936 Mn2605 Mo2020 Na5895 NÎ2316
Blank 0.5982 36.2015 -1,5781 0.15356 -0.08696 -29.255 0.25624
SED2 261.218 1171.04
SED3 1293.04 1656.57 119.158 352.679 183.544
SED4
BLANK 0.0065 -0.2769 -0.0237 0.0006 -0.0054 -0.0393 -0.0021
Blank 0.8434 46.88 -2.458 0.309 -0.1256 -34.6 0.2958
BLANK1 0.0066 0.1565 0.0369 0.0024 0.0006 0.065 0.0033
Blank 0.6206 32.06 -1.646 0.175 -0.1498 -30.48 0.2043
BLANK2 0.0016 -0.0004 -0.0014 0.0003 -0.0005 -0.0031 -0.0005
COMPOSITE 10.85 10.38 10.38 1.057 1.04 1.065 1.043
USGS T121 0.1676 0.4991 1.357 0.0326 0.0157 8.037 0.0091
Nymph Lake collection date 6/30/96
sulfur pool 1200 0.1335 7.432 0.0309 0.0064 0.1295 452.6 -0.0184
sulfur pool 2400 0.1327 7.074 -0.0027 0.0054 0.1293 442.3 -0.0178
iron pool 1200 2.928 63.35 0.6841 0.1755 0.0013 115.5 -0.0205
iron pool 2400 2.929 61.73 0.6517 0.1726 -0.0003 112.4 -0.0191
iron channel 1200 2.582 68.47 0.7263 0.1879 0.0009 151.6 -0.0188
iron channel 2400 2.46 66.17 0.7078 0.1808 0.0008 121 -0.0197
Chocolate Pots collection date 7/1/96
pool 1200 5.053 23.46 1.871 1.44 0.0096 114.9 -0.0118
pool 2400 5.912 23.81 1.903 1.457 0.0092 115.4 -0.0107
channel 1200 1.833 23.81 1.913 1.323 0.0111 116.7 -0.0099
channel 2400 1.897 24.03 1.908 1.358 0.0085 115.7 -0.0109
COMPOSITE 10.89 10.18 10.11 1.056 1.041 1.014 1.049
lOppm LI 3.26
Li Blank 3.844
lOppm LI 6608
lOppm Li 0.0055 -0.1367 10.31 -0.0121 0.0002 0.0013 -0.0312 -0.0003
Black Sand Pool collection date 7/13/96
pool 1200 0.1639 21.06 4.385 -0.0089 0.0003 0.0477 502.7 -0.0221
channel 1200 0.1741 22.15 4.47 -0.0281 0.0005 0.0534 527.9 -0,0271
channel 1200.3 0.1689 21.69 4.151 -0.0144 0.0006 0.0526 520.5 -0.0273
pool 2400 0.1541 20.81 4.129 -0.0158 0.0002 0.0481 504.5 -0.0218
channel 2400 0.1718 22.35 4.559 -0.0174 0.0002 0.0517 521.8 -0.0229
channel 2400.3 0.166 21.28 4.235 -0.0138 0.0002 0.0507 544.3 -0.0233
channel 2400.3 REPEAT 0.1725 21.61 4.345 -0.0217 0.0003 0.0499 514.8 -0.0223
COMPOSITE 10.69 9.873 -0.0011 10.01 1.033 1.025 0.9583 1.041
Nymph Lakecollection date 8/6/96
sulfur pool 1200 0.1477 7.441 1.599 0.0067 0.0081 0.1258 433.1 -0.019
sulfur pool 1200 DUPLICATE 0.1491 7.43 1.608 -0.0051 0.0079 0.1247 425.6 -0.0196
sulfur pool 2400 0.1405 7.287 1.557 -0.0137 0.0062 0.1269 441.3 -0.02
sulfur pool 2400 SPIKE 22.88 25.7 1.267 9.994 1.007 0.6289 380 -0.0234
iron pool 1200 2.149 64.28 0.7566 0.6815 0.2004 -0.0002 137.8 -0.0195
iron pool 2400 2.515 64.84 0.7465 0.6911 0.2024 0.0012 138.1 -0.0205
iron channel 1200 1.729 67.39 0.7948 0.7195 0.204 -0.0004 145.8 -0.0197
iron channel 2400 1.921 68.06 0.7883 0.7063 0.209 0.0002 150.1 -0.0183
Chocolate Pots collection date 8/17/96
pool 1200 5.853 23.4 0.7939 1.844 1.436 0.0085 113.2 -0.0112
pool 1200 DUPLICATE 5.918 23.56 0.7983 1.838 1.443 0.0072 113.6 -0.0105
pool 1200 SPIKE 27.22 38.9 0.6252 11.37 2.11 0.5314 159.9 -0.0139
pool 2400 5.919 23.42 0.8084 1.855 1.446 0.0066 113 -0.0109
channel 1200 1.45 23.6 0.8415 1.873 1.316 0.0071 113.3 -0.012
channel 2400 1.586 23.59 0.8117 1.882 1.361 0.0054 113.7 -0.0113
COMPOSITE 10.76 9.971 -0.0011 10.05 1.049 1.038 0.9904 1.05
Black Sand Pool collection date 8/20/96
pool 1200 0.1674 20.1 4.031 -0.0272 0.0002 0.0476 486.9 -0.0241
pool 2400 0.1664 20.57 4.039 -0.0335 0.0005 0.0491 477 -0,0219
channel 1200 0.1769 21.35 4.32 -0.0236 0.0012 0.0529 518.3 -0.0262
channel 2400 0.1683 22.04 4.301 -0.0357 0.0005 0.0505 538.8 -0.0232
COMPOSITE 11.03 9.937 -0.002 10.08 1.066 1.058 0.9528 1.074
BLANK 0.0042 -0.0217 -0.0014 -0.0357 0.0003 0 -0.0322 -0.0015
COMPOSITE 10.99 10.25 -0.0009 ■ 10.07 1.057 1.053 1.012 1.066
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ADDENDIX D: ICP Analysis 78

Method: BASICSED, Run date: 9/13/96
Sample Name P 1782 Pb2203 S 1820 Se1960 SÎ2124 Sr3464 Ti3361 Zn2138
Blank 0.12272 0.21029 0.18439 -0.28615 0.14986 -0.3581 -0.11163 1.152
SED2 20.5504 264.213 687.618
SED3 1719.44
SED4 10.6105 11.5594 15.504 561.393
BLANK 0.0105 -0.0058 -0.0334 -0.0015 0.0189 -0.0015 0.0012 -0.0004
Blank 0.1133 0.2364 0.1253 -0.4106 0.5504 -0.8511 -0.2466 0.5328
BLANK1 0.0001 0.0068 -0.0045 -0.0018 -0.0302 0.0062 0.0006 0.0016
Blank 0.1072 0.1954 0.1196 -0.2903 0.2052 -0.3954 0.0127 0.7974
BLANK2 0.0024 -0.0055 0.003 -0.0024 -0.0038 0.0009 0.0005 0.0001
COMPOSITE 0.999 1.07 1.136 1.043 10.57 1.057 1.044 0.9999
USGST121 0.0065 0.0108 1.929 0.0014 2.455 0.0493 -0.0003 0.0225
Nymph Lake collection date 6/30/96
sulfur pool 1200 -0.4425 -0.0026 26.1 0.0042 138 -0.0266 0.0005 0.0205
sulfur pool 2400 -0.4271 0.0052 25.43 -0.0001 135.9 -0.0273 0.0006 0.0095
iron pool 1200 -0.409 -0.0009 93.16 -0.0169 131.3 -0.0091 -0.0002 0.0506
Iron pool 2400 -0.4137 0.0007 90.37 -0.0032 128.9 -0.009 -0.0005 0.0422
iron channel 1200 -0.4553 0.0011 97.84 -0.0116 139.4 -0.0054 -0.0009 0.042
Iron channel 2400 -0.4301 -0.0127 93.84 0.0087 135.3 -0.0055 -0.0007 0.0463
Chocolate Pots collection date 7/1/96
pool 1200 -0-1455 0.0044 12.12 -0.0646 55.58 0.051 -0.0021 -0.002
pool 2400 -0.1666 -0.0075 12.31 -0.0293 56.88 0.0536 -0.0016 0.002
channel 1200 -0.142 -0.0068 12.37 -0.0429 56.36 0.05 -0.0014 -0.0015
channel 2400 -0.1508 -0.0001 12.36 -0.018 56.71 0.0496 -0.0018 0.0046
COMPOSITE 0.9853 1.092 1.13 1.006 10.4 1.075 1.031 0.9949
lOppm LI
Li Blank
lOppm Li
lOppm LI -0.0029 -0.0163 0.0499 -0.0035 0.0078 0.0015 0.0006 -0.0046
Black Sand Pool collection date 7/13/96
pool 1200 -0.5493 -0.0048 6.873 -0.0111 178.4 -0.0345 0.0022 0.0035
channel 1200 -0.594 0.0019 7.174 -0.0162 186.6 -0.0426 0.0014 0.0003
channel 1200.3 -0.5528 0.0212 6.775 -0.018 176.8 -0.0433 0.001 0.0023
pool 2400 -0.5094 0.0052 6.521 -0.0243 167.5 -0.0368 0.0013 -0.0002
channel 2400 -0.564 0.0013 7.22 -0.0216 184 -0.0366 0.0016 0.006
channel 2400.3 -0.5669 -0.0021 6.83 -0.0321 175.7 -0.036 0.0014 0.0045
channel 2400.3 REPEAT -0.5658 -0.006 7.153 -0.0201 180.8 -0.0365 0.0017 0.0057
COMPOSITE 0.9879 1.03 1.132 0.9923 10.44 1.064 1.012 0.9845
Nymph Lakecollection date 8/6/96
sulfur pool 1200 -0.4226 -0.0169 53 -0.0333 137.1 -0.0267 0.0012 0.012
sulfur pool 1200 DUPLICATE -0.4131 -0.0176 50.7 -0.0208 136 -0.0259 0.0012 0.0117
sulfur pool 2400 -0.4232 -0.0023 50.67 -0.0384 139 -0.0259 0.0009 0.0068
sulfur pool 2400 SPIKE 2.107 -0.0008 35.98 -0.0158 174.2 1.081 -0.0034 1.01
iron pool 1200 -0.4091 0.0035 88.61 -0.0065 130.7 -0.007 -0.0004 0.035
iron pool 2400 -0.4009 -0.0044 87.5 0.0031 131.1 -0.0101 -0.0003 0.0327
iron channel 1200 -0.429 -0.0038 93.28 -0,0122 138 -0.0095 -0.0001 0.0285
iron channel 2400 -0.4272 -0.0036 90.97 -0.0122 136 -0.0085 0.0002 0.0305
Chocolate Pots collection date 8/17/96
pool 1200 -0.1355 -0.0014 12.37 -0.0516 55.92 0.0513 -0.0018 0.0085
pool 1200 DUPLICATE -0.1426 0.0183 12.47 -0.0408 56.39 0.0521 -0.0015 0.0088
pool 1200 SPIKE 2.268 -0.0032 10.05 -0.0402 109.9 1.12 -0.0055 0.9975
pool 2400 -0.1426 -0-0095 12.56 -0.0474 56,7 0.0509 -0.0015 0.006
channel 1200 -0.1373 -0.0185 12.91 -0.0494 56.81 0.0531 -0.0013 0.0037
channel 2400 -0.1508 -0.0031 12.76 -0.0136 56.68 0.0522 -0.0014 0.0084
COMPOSITE 0.9812 1.093 1.089 0.9944 10.41 1.074 1.025 0.988
Black Sand Pool collection date 8/20/96
pool 1200 -0.5381 0.0094 6.614 -0.011 174.9 -0.0362 0.0014 0.0017
pool 2400 -0.5405 0.0061 6.612 -0.0064 173.1 -0.0362 0.0015 0.0117
channel 1200 -0.5703 -0.0206 7.253 -0.0165 188.4 -0.0418 0.0018 -0.0007
channel 2400 -0.5658 -0.0066 7.027 -0.0509 180.9 -0.0347 0.0018 0.0033
COMPOSITE 0.9845 1.098 1.266 0.9836 10.66 1.104 1.03 0.9952
BLANK -0.0025 -0.0039 0.0329 -0.0175 0.0181 0.0006 0.0006 -0.0004
COMPOSITE 0.9822 1.112 1.136 0.9833 10.43 1.101 1.03 0.9935
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APPENDIX E: 1C ANALYSIS
Run date: 7/15/96
Sam ple nam e dilution factor fluoride chloride sulfate
autocall 1.00 1.00 6,00
autocal2 5.00 5.00 30 00
autocal3 10.00 10.00 60.00
std l 0.89 0.87 6.46
std2 4.18 4.29 27.23
std3 8.75 8.92 53.85
Nymph lake collection date  6/30/96
sulfur pool 0800 XI 16.71 >10 45.83
sulfur pool 1600 XI 17.07 >10 46.42
sulfur pool 2400 XI 16.94 >10 44.73
Iron pool 0800 X1 2.35 >10 146-31
Iron pool 1600 X1 2.69 >10 146.51
Iron pool 2400 X1 2.50 >10 146.36
Iron channel 0800 XI 2.51 >10 146.61
Iron channel 1600 X1 2.67 >10 146.26
Iron channel 2400 X1 2 69 >10 146.53
Chocolate Pots collection date  7/1/96
pool 0800 XI 4.30 24,54 28.89
pool 1600 XI 4.06 24.67 29.07
pool 2400 X1 4.46 25.33 29.71
channel 0800 X1 4.13 24.73 28.99
channel 1600 XI 3.94 24.97 29.79
channel 2400 XI 4.16 25.47 30.68
Black Sand Pool collection date 7/13/96
pool 0800 XI 26.91 >10 15,30
pool 1600 XI 27.95 >10 15.76
pool 2400 X1 28.47 >10 16.00
channel 0800 X1 29.35 >10 17.62
channel 1600 XI 30.00 >10 18.09
channel 2400 XI 30.21 >10 18.12
s td l 0.97 1.25 5.95
std2 4.92 5.01 29.85
std3 10.05 10.12 59.98
Nymph lake collection date 6/30/96 repeat analysis
sulfur pool 0800 XI 18.64 >10 51.81
sulfur pool 1600 X1 19.55 >10 51.89
sulfur pool 2400 XI 19.30 >10 49.76
std l 0.96 0.92 6.13
Std3 9.95 9.95 61.15
Std 3ppm F & Cl 2.71 2.73
std 15ppm F & Cl 14.35 14.85
std 30ppm F & Cl 27.77 27.67
std l 0.98 1.41 6.07
std3 9.36 9.48 59.41
Nymph lake collection date  6/30/96
sulfur pool 0800 X25 21.72 439.10 64.47
sulfur pool 1600 X25 18.88 421.60 63.57
sulfur pool 2400 X25 19.64 421.70 64.81
Iron pool 0800 X10 4.26 98.48 247.20
iron pool 1600 X I0 4.37 99.76 260.10
Iron pool 2400 X10 3.94 98.32 268.60
Iron channel 0800 X10 461 107.30 275.10
iron channel 1600 X10 4.00 102.60 279.30
iron channel 2400 X10 4.24 104.00 268.60
Black Sand Pool collection date 7/13/96
pool 0800 X20 28.26 306.10 30.55
pool 1600 X20
pool 2400 X20
channel 0800 X20 29.46 326.10 30.55
channel 1600 X20 29.76 341.50 32.80
channel 2400 X20 30.01 328,80 31.40
std 15ppm F & Cl 14.98 15.51
std 30ppm F & Cl 28.60 28.36
std l 0.98 1.19 6.36
std3 10.23 10.40 61,33
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