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ABSTRACT 

Revious research on sea floor hydrothermd activity has focused primarily 

polymetallic sulfides found dong volcanically active portions of the mid-ocean 

on deep-sea, 

ridges or in 

deep back-arc basins. There is, however, not much known about either hydrothermal venting 

or its peaologic definition within shallow-water (nearshore or shaIlow shelf) carbonate settings 

associated with volcanic islands- 

The frin,@g reef around Ambitle Island, P a p a  New Guinea is possibly the ody 

present day coral reef exposed to the extensive discharge of a hot, mineralized hydrothermd 

fluid. Venting occurs in s h d o w  (5-10 m) water dong the inner sheif that contains a patchy 

distribution of coral-algal reefs. Two types of venting are observed: (1) focused discharge of a 

clear, hm-phase fluid from discrete orifices, 10-15 cm in diameter with discharge temperahues 

h m  89 to 98°C and estimated 80w rates as high as 300 to 400 Umin; (2) dispersed or diffuse 

discharge that consists of streams of gas bubbles ubiquitous throughout area. The composition 

of the gas is rnainly CO, (92.6 - 97.9 %) with minor amounts of N,, O,, CH, and He. 

Compared to seawater the hydrothemal fiuids are depleted in CI, Br, SO,, Na, K, Ca, Mg and 

Sr and e ~ c h e d  in HCO,, B, Si, Li, Mn, Fe, Rb, Cs, Sb, Tl and As. Although some elernents 

are ~i~onificantly enriched, they do not have a clear impact on ambient seawater composition 

because their concentration is buffered by mixing and uptake into secondary rninerals. Only the 

surface water in Tutum Bay carries a clear imprint of the hydrothemal fluids. 

Fluid evolution and final chemical composition is controlled by a two- or possibly 

three-step process: (1) Phase separation in the deep reservoir beneath Ambitle Island produces 

a high temperature vapor thai rises upward and subsequently reacts with cooler ground water to 

form a low pH, CO,-rich water of approximately 150-160°C. (2)  The steep topography causes 

lateral movement of this CO,-rich fluid towards the margin of the hydrothemal system where it 

mixes with the marginal upflow fiom the deep reservoir. This produces a dilute chloride water 

of approximately 165°C. A third step may be the entrainment by miminor amounts of ground or 



seawater during its final ascent Based on a B-RbKs mWng model, it has k e n  eshated that 

approximately 10% of the deep reservoir fiuid reaches the surface. 

Aragonite, ferroan calcite and F e 0  oxyhydroxide are the prominent hydrothermal 

precipitates in Tutum Bay. Aragonite encrusts dead coral fra3gments, volcaniclastic boulders 

and pebbles, and fds secondary fracture and remaining primary intergranular porosity within 

volcaniclastic arenite. M i c r o c r y s ~ n e  (0.1 mm) ferroan, Iow-Mg calcite occurs as crus ts 

commonly interlaminated with Fe@lJ oxyhydroxides and also locally replacing aragonite 

adjacent to F e 0  oxyhydroxides. Recipitation from the hydrothermal solution is caused by 

CO, degassing (aragonite) and mixing with seawater ( F e 0  oxyhydroxide). Hydrotherrnal 

deposits are unique in their chernical composition. Compared to "nomal-marine" shallow- 

water carbonate the Ambitle aragonite displays anomaious Sr isotope ratios (-0.70415) that are 

closer to island-arc basalt than to seawater (-0.7092). F e 0  oxyhydroxide shows very low 

Mn values (Fe/Mn>6OO) and dements which are usually enriched in F e @ )  oxyhydroxide, 

such as Co and V, are below cmstal abundances and well below their concentrations in island- 

arc volcanics- 

The hydrothermal Buids contain exfremely high arsenic concentrations of more than 

800 ppb. Seven individual vents in four different areas within Tubun Bay discharge an 

estimated 1500 g of arsenic per day into an area of approximately 50 by 100 m with an average 

depth of 6 m. These values are the highest arsenic concentrations reported hom any marine 

setting including black smoker fluids from mid-ocean ndges. Despite the amount of arsenic 

released into the bay, corals, clams and fish do not show a direct response to the elevated 

values. Fish have been observed to hover over vent orifices batbing in the hydrothermal fluid. 

The diversity and health of the coral reef is indiscernible from reefs that are not exposed to 

hy drothermal discharge. 

Two mechanisms efficiently control and buffer the arsenic concentration: (1) dilution by 

seawater and (2) incorporation in and adsorption on F e 0  oxyhydroxides that precipitate 

when the hydrothemal fluids mix with ambient seawater. The hydrothermal fluids have a pH 



of -6 and are slightly reducing- These conditions are ideal for the removal of As by way of 

coprecipitation andlor adsorption onto Fe@I) oxyhydroxide. The F e 0  oxyhydroxides that 

precipitaie in Tutum Bay can contain up to 75,000 ppm As, by an order of rnagtude the 

highest As d u e s  found in a naturd systern. 

The skeletons of scleractinian corals and the shells of Tn'dacna gigas clams do not show 

elevated concentrations of arsenic when compared to specimens cdected from outside T u m  

Bay. When compared to a "non-hydrotherrnal" coral, Tutum Bay corals, however, they 

possess a distinct 613c, 8lS0, 8 7 ~ r f 6 ~ r  and Sr signature. 613c ranges fkom -4.5 to -1.û%o and 

6"0 h m  -6.0 to -3.8%~ for corals from Tutum Bay, while the "non-hydrothemal" sample 

has 6 " ~  values ran,@ng fkorn -1.8 to -0.5%0, and 6180 values of -5.4 to -4.6%~. S~onSurn 

isotope ratios are very close to seawater values, but the three samples from Tutum Bay have 

8 7 ~ r / 8 6 ~ r  lower than the "non-hydrothemal" sampie. The observed isotope and elemental Sr 

patterns indicate that the hydrothermal input into Tutun Bay clearly influences the coral growth 

in the surroundhg reef. Of the various direct and indirect hydrothennal effects recorded by the 

corals, thermal stress is likely the single most important. 



Les études antérieures sur l'activité hydrothermale dans les hautes men concernaient en 

premier lieu les sulfures polymetalliques des fonds océaniques rencontrés le long des zones 

rides midio-océaniques volcaniques actives ou bien dans les bassins amère arc. Cependant, 

peu est connu sur les vents hydrotherrnaux et leurs définitions pétrologiques à l'intérieur des 

zones des carbonates de faible profondeur (plateau de faible profondeur) associées aux îIes 

volcaniques. 

Le récif frangeant autour de l'île Arnbite, Papua , Nouvelle Guinée, est possiblement le 

seul récif corallien exposé à une décharge extensive de fluide hydrotherrnal minéralisé. La 

décharge a lieu dans les eaux de faible profondeur (5-10 m) lelong du plateau int6rieur qui 

contient des algues et des récifs coralliens dispersés. Deux rypes de vents sont observés; 1") 

ceux présentant une décharge ponctuelle à partir d'orifices discrets (10- 15 cm de diamètre). 

Dans ce cas deux types de liquides sont renconaés et dont les températures varient entre 89 et 

98°C- ils pr.sentent un flux pouvant atteindre 300 à 400 Umin et 2') ceux présentant une 

décharge difise et dispersée consistant en des bulles de gas. La composition du gaz est 

principalement CO, (92.6-97.9 %) avec de faible teneurs en N,, O,, CH, et He. En 

comparaison avec I'eau marine, les fluides hydrothermaux sont appauvris en , Cl, Br, SO- 

Na, Ky Mg, et Sr et enrichis en HCO,, B, Si, Li, Mn, Fe, Rb, CS, Sb, Tl et As. Même si 

certains éléments présentent des concentrations élevées, ils ne présentent aucun impact sur la 

composition de I'eau marine car leur concentration est stabilisée par le mélange avec t'eau 

marine et le fractionnement dans les minéraux secondaires. Seule l'eau de suiface à la Baie de 

Tutum présente la signature des fluides hydrothermaux. 

L'évolution et la composition finale des fluides hydrothermaux sont contrôlées par deux 

ou possiblement trois prccessus pendant trois étapes; la première étape représente la phase de 

séparation dans le réservoir profond sous I'Îie Ambite produisant une vapeur de haute 

température qui progresse vers le haut en réagissant avec des eaux souterraines de température 



plus basse formant ainsi des eaux de faible pH et riche en CO,  cette eau présente une 

température variant entre 150-160°C. Dans la deuxième phase, la topographie escarpée 

provoque un mouvement latéral de ce fluide riche en CO, vers la marge du système 

hydrotheïmal où ii se mélange avec le flux marginal montant du réservoir. Ceci produit une eau 

de température approximativement de 16S°C et de faible teneur en chlore. La troisième étape 

peut être expliquée par le transport par de faible quantité d'eau souterraine dans sa montée 

finale. En se basant sur les rapports B-Rb/Cs dans le modèle de mélange, on estime qu'à peu 

près 10% du fluide du réservoir profond atteint la surface. 

L'aragonite, la calcite fernigineuse et les oxydes et hydroxydes de fer ( F e o )  sont 

lescplus importants précipités dans la Baie Tutum. L'aragonite encroûte Ies hbgments de 

coraux morts, des galets et des fraboments volcanoclastiques. Elle remplie les fractures 

secondaires et la porosité p-e intergranulaire dans l'arénite volcanoclastique. La calcite 

rnicrocrystalline ferrugineuse et de faible teneur en Mg se présente comme une croûte 

communément interlaminée avec des oxydes et hydroxydes de F e 0  et des fois remplaçant 

kagonite adjacente en oxydes et hydroxydes de F e o .  La précipitation à partir des solutions 

hydrothermales est due au dégazage de CO, (aragonite) et au mélange avec I'eau marine 

(oxydes et hydroxydes de F e o ) .  Les dépôts hydrothermaux présentent une composition 

unique. Comparés avec les carbonates de faible profondeur des eaux marines (normales), 

l'aragonite de l'île Ambitle monne une signature isotopique du Sr (-0.70415) proche de celle 

des basaltes des îles océaniques que de celle de l'eau marine (-0.7092). Les oxydes et 

hydroxydes de Fe@l) montrent une faible teneur en Mn (Fe/Mru6OO) et en éIéments qui sont 

souvent très abondants dans les oxydes et hydroxydes de Fe(m) telsque le Co et V qui 

présentent des concen&ations inférieures à celle de la croûte et &ès faible par rapport à leur 

concentrations dans les îles volcaniques. 

Les fluides hydrothermaux présentent des concentrations extrêmement élevées d'arsenic 

pouvant aller au-delà de 800 ppb. Sept vents individuels dans quatre zones differentes dans la 

région de la Baie Tutum déchargent environ 1500 g d'arsenic par jour dans une région 



d'environ 50 par 100 m et de profondeur moyenne de 6 m. Ces valeurs correspondent aux 

concentrations d'arsenic les plus élevées jamais notées dans un environnement marin y compris 

les fluides dérivant des cheminées noires dans les fides midio-océaniques. Malgré cette 

déchargé massive d'arsenic dans la Baie, les coraux, les mollusques et les poissons ne 

montrent aucune réponse. La diversité faunistique et la bonne conservation du récif corallien est 

indiscernable des récifs qui ne sont pas exposés aux décharges hydrothermales. 

Deux mécanismes contralent et stabilisent la concentration en arsenic: 1) dilution par l'eau 

marine et 2) l'incorporation et l'adsorption sur les oxydes te les hydroxydes de Fe (EL) qui 

précipitent lorsque les fluides hydrothermaux se mélangent avec l'eau marine enviromante. Les 

fluides hydrothermaux ont un pH de -6 et sont peu réducteurs. Ces conditions sont idéales 

pour l'élimination de l'arsenic par coprecipitation et/ou adsorption sur les oxydes et 

hydroxydes de F e o .  Les hydroxydes de F e 0  qui précipitent à la Baie Tutum peuvent 

contenir jusqu'à 75,000 ppm d'arsenic représentant ainsi les teneurs en As jamais rencontrées 

dans un système naturel. 

Les squelettes des madréporaires et les coquilles de Tridamu gigas ne montrent pas des 

concentrations élevées en As lorsque ceuxci sont comparés aux spécimens collectés de 

l'extérieur de la Baie Tutum. La comparaison des coraux de Tutum Baie avec des coraux (non 

hydrothermaux) montre que ces derniers possèdent des signatures isotopiques 613c, 6180, 

g 7 ~ r / s 6 ~ r  différentes. Pour les Coraux de la Baie Tutun 6I3c varie de -4.5 à -l.O%o et 8'0 

varie de -6.0 à -3.8%0, alors que pour les coraux (non hydrothermaux) 613c présente des 

valeurs allant de - 1.8 à -0.5% et des valeurs 6180 dan t  de -5.4 à -4.6%~. Les rapports 

isotopiques de Sr sont très proches de ceux de l'eau marine, mais les trois échantillons de la 

Baie Tutum ont un ' '~r/*~sr inférieur à celui du coral (non hydrotherrnal). Les profils 

d'isotopes de Sr et de l'élément Sr montrent que les décharges hydrothermales dans la Baie de 

Tutum influencent la croissance des coraux dans les récifs coralliens qu'ils I'entourent. Des 

effets hydrothermaux directs et indirects enregist~és par les coraux, le stress thermique est le 

plus important. 
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ORIGINAL CONTRIBUTION 

The ori,-al contributions of this thesis to the scientific body include: 

1. First scientifiic description of the shallow-water h y d r o t h e d  system in Tunun Bay, P a p a  

New Guinea. 

2. A database of chemical and isotopic analyses based on laboratory and field work for the 

h ydrothermal fluids. 

3. Petro,pphic description and database of chernical and isotopic analyses based on laboratory 

work for the hydrothemd carbonates and F e 0  oxyhydroxides. 

4. A database of chemical and isotopic analyses based on laboratory work for Tuturn Bay 

Porites corals. 

5. A model for the origin and subsuface history of Tutum Bay vent waters. 

6. Precipitaüon model for carbonate minerais and F e 0  oxyhydroxides based on " ~ r $ 6 ~ r  

ratios. 

7. Evaluation of #*O and 613c equilibrïum during carbonate precipitation from the 

hydrothermal fluid. 

8. Qualitative reconstruction of physico-chernical vent processes based on the nature of 

h ydrothermal precipitates. 

9. Estimated influence of vent discharges on ambient seawater in Tutum Bay usinp silica 

concentration as a tracer. 

10. Demonstration that corals are capable to record the hydrothermal influence in their trace 

elernent and isotope composition. 



31. INTRODUCTION 

1 - I GENERAL STATEMENT 

Most studies of seafloor hydrothermal activity have focused primarily on deep-sea 

hydrothermd systems found dong volcanicdy active portions of the miducean ndges or in 

deep back-arc basins. Subrnarine hydrothermal activity and hydrothermal alteration of oceanic 

crust, however, is not confined to deep-water environments. Additional iocations are @und in 

much shailower water a the flanks of volcanic islands and on the tops of seamounts (e-g., 

Butterfield et al., 1990; Dando and Leahy, 1993; Heikoop et al., 1 9 9 6 ~  Hodkinson et al., 

1994; Pichler et al., 1995; Sarano et al., 2989; Sedwick and Stüben, 1996; Varnavas and 

Cronan, 199 1; Vidal et al., 198 1; Vidal et al., 1978). Our understanding of these shallower 

systems is limited and we are only now starting to appreciate their importance on a bigger 

scale. Much less is h o w n  about shallow-water venting in nearshore or shallow shelf cord reef 

setthgs associated with volcanic islands, where substantial input of hydrothermal nui& cm 

af5ect the temperature, salinity and carbonate saturation state of ambient seawater. Shallow 

venting may cause significant differences in petrologic and chemical propeaies of marine 

abiotic and biogenic carbonates, if cornpared to the well h o w n  submarine carbonate diagenesis 

in shallow-water tropical environments (Tucker and Wright, 19 90). Such differences arise 

kom mixing of hydrothemal fluids and seawater, a process that exerts physical and chemical 

impact superimposed on the usual oceano,pphic controls that re,date biological productivity 

and sedimentaiion (Tucker and Wright, 1990). This "new" carbonate environment may be 

more applicable to the understanding of submarine diagenesis in ancient shallow-water 

carbonates from tectonicdy active regions, oceanic islands, or basins with high heat flow. 

This thesis is a broad reconnaissance snidy of newly discovered vents thar discharge in 

a tropical, shaliow-water coral reef ecosystem. Irs purpose is to develop a descriptive mode1 for 

physical and chemical vent processes (Chapter 2), to examine in detail the style of 



hydrothermal precipitation (Chapters 3 & 41, to document temporal changes (Chapter 5), to 

investigate the hydrothemal effect on ambient seawater (Chapter 6) and to describe biological 

response to hydrothermal influences (Chapter 7). A study of this location is the f ~ s t  step to 

evaluate the global and histoncd importance of hydrothermal activiq in coral reef settings and 

to expand o u  basic understanding of carbonate diagenesis. 

1.2 LOCATION AND GEOLOGICAL SEïTING 

The study area lies dong the southwest margin of Ambitle Island, one of the Feni 

islands in the southemmost island group of the Tabar-Feni chah, Papua New Guinea (Fig. 1- 

1). The islands of the Tabar-Feni chah are Pliocene-to-Recent alkaline volcanoes that occur in 

the forearc region of the former ensimatic New Hanover-New Ireland-Bougainville island arc 

(Fig. 1 - 1). The volcanoes erupt an unusual suite of silica-undersaturated, high-K calc-alkaline 

lavas generated during adiabatic decompression melting during the uplift of the New Ireland 

forearc basin ( M c h e s  and Carneron, 1994). Subaerïal volcanic rocks have wide-ran,@ng 

compositions from prirnary basanites and alkali olivine basalts to fractionated phonolites 

(Wallace et al., 1983). The last stage in the volcanic evolution of the volcanic islands is the 

emplacement of silica-saturated curnulodomes of trachyte. 

The Tabar-Feni volcanoes stand apart from the surrounding arc volcanoes of New 

Ireland and New Britain in that they have a proclivity towards producing Au mineralization as 

epitomized by the world-class Ladolam Au deposit (40 million oz) on Lihir Island (Fig. 1-1) 

(Davies and Ballantyne, 1987). The deposit is hosted within the geothemally active 4 x 6 kn 

diameter Luise Caldera, which is thought to have suffered sector collapse and partial inundation 

by seawater. In addition to Lihir every other island group has been or currently is an 

exploration target for epithermal gold deposits. The Kabang prospect on Ambitle Island, for 
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Fig. 1-1 Location of Ambitle Island, one of the Feni islands in eastem Papua New Guinea 

(modifed after Licence et al., 1987). Geothemal areas indicated in dark are primarily dong the 

western side of the island. 



example, contains ore grades up to 5 g/t with concentrations as hi& as 50 glt in silica sinters 

(Licence et al., 1987)- 

Ambitle is part of a Quaternary stratovolcano, characterized by a steep topogaphy, with 

a central'eroded caldera budt on poorly exposed Oligocene marine limestone (Wallace et al., 

1983). Volcanic strata (interbedded lava flows, lahar deposits, tuffs, and scoriae) dip radiaily 

frorn the island, presumably extending beneath the shelf. Several geotherrnd areas are located 

prïmarily dong the western coast and in the western part of the caldera near breaches in the 

caldera waLl (Fig. 1- 1). Eot mud pools, springs of chloride and acid sulfate waters, and a few 

low temperature fumaroles are present, with temperature and pH values ranging from 67 to 100 

OC and 1.9 to 9.1, respectively (Wallace et al., 1983). Except for the southem coast, where 

extensive fiesh water input inhibits reef development, the island is cornpletely surrounded by a 

fringing coral reef that can extend up to several hundred meters offshore. 

1.3 THE TLJTUM BAY SUB- HOT SPEUNGS 

Submarine hydrothermal venting occurs a .  Tutun Bay (Figs. 1-2 and 1-3) in shallow 

(5-10 m) water along the b e r  shelf that contains a patchy distribution of coral-algd reefs 

surrounded by medium to coarse-graineci mixed carbonate-volcaniclastic sand and gravel. n i e  

site is located dong a fault trace that intersects several of the onland geothermd areas (Fig. 1 - 

1)- 

Two types of venting are observed. (1) Focused discharge of a clear, two-phase fluid 

occurs from discrete orifices, 10-15 cm in diameter, with phase separahon (boiling) at the sea 

floor. There is no associated topopphic edifice. This type of discharge produces a roaring 

sound underwater and has an estimared flow rate as high as 300 to 400 Umin (comparable to 

that of a fire hose). Shunmering and a whitish coloration, indicative of hot water and water 

vapor, extend several meters above vent orifices (Eig- 1-4a). Ruid temperatures at vent orifices 



Fig. 1-2 Location of hydrothennal vents within Tutum Bay on the West  side of Ambitle Island. 

The bold dashed line indicates the extent of gaseous discharge." 



Fig. 1-3 Location of Tuhm Bay. (a) Aerial view of the southwest corner of Arnbitle Island; 

Tu- Bay is indicated by the arrow. (b) Lookùig south across Tut= Bay. The white buoy 

indicates the location of vent 2. Vents I and 3 can be reco,pized on the surface by relatively flat 

water to the right and lefi of vent 2. 





Fig. 1-4 Undenvater photographs of focused discharge in Tutum Bay. (a) Vent 1. 

Hydrothermai fluids discharge at an approximate rate of 400 Umin. Mwng with ambient 

seawater is minimal at die vent orifice, but increases as the fluid nses. The discharge of gas is 

present in form of bubble streams. The field of view is -18 m at a water depth of - 7 m. (b) 

Vent 3. Three individual vents discharge a mixture of hydrothemal fluid and gas. Bubble 

sneams are not as dense a s  around vent 1 and the immediate area around vent sites is devoid of 

corals. The field of view is - 8 m at a water depth of 9 m. 





are between 89 and 94 OC. (2) Dispened or diffuse discharge consists of streams of gas 

bubbles emerging directly through the sandy to pebbly unconsolidated sediment and through 

fractures in volcanic rocks Pig. 1-5b). This type of venting appears to be itinerant, with shifrs 

in locations on the order of tens of centimeters, possibly related to tomious m i p i o n  through 

the surface sediment. 

Four locations of focused venting are present in Tutum Bay (Fig. 1-2). Vents 1 and 2 

are singIe vents with hydrothemial discharge from only one orifice (Fig. M a )  and vent 3 is an 

assemblage of three vents that are very close together in an area of approximately 2 x 2 m (Fig 

1-4b). Vent 4 is Iocated some distance north of these vents (Fig. 1-2) and it is closely 

associated with an area of massive gas emanation (Fig. 1-Sa). Vent 4 is slightly different from 

the other vents; there shimrnerïng hot water discharges at low rates through several smaU 

orifices (1 to 5 cm in diameter) in an area of approximately 1 x 3 m. Based on their geographic 

position the vents have been divided into two groups A and B; area A consists of vents 1, 2 

and 3 and area B of vent 4 (Fig. 1-2). 

Hydrothermal precipitates accumulate on dead coral substrate and rock fragments 

surrounding vent portals and include euhedral aragonite crystds and microcrystalline cmsts of 

F e 0  oxy hydroxide, aragonite, and ferroan calcite. 

Visually, the coral reef in Tutum Bay seems to be indiscemible from its neighboring 

reefs to the north or south. Several bleached corals are present, but partly or wholly bleached 

corals are comrnon to al1 reefs dong the West Coast of Ambitle and cm be found in most reefs 

in the equatorial region of the western Pacific. There is no correlation between coral bleaching 

and distance fiorn vent sites, and hedthy corals can be found very close (< 1 m) to vent 

orifices. Rather than by the discharge of hydrothemial fluids the distribution of corals vs. sand 

is controlled by seafloor temperature. Seafloor temperatures in sandy areas c m  be as high as 

98°C and are generally more than 3S°C, rapidly increasing with depth. A similar phenomenon 

can be observed in on-land geothermal areas. In Wairakei, New Zealand, for example, the 



Fig. 1-5 Undemater photopphs of diffuse and gaseous discharge in Tunim Bay. (a) Vent 4. 

Here several vents discharge at a low rate and can be recognized by shimmerïng in-between the 

bubble streams. Similar to vent 3, no reef building cor& are present in the area. VoIcanic 

boulders, however, are colonized by flower corals (Xenia sp.) .  The field of view is -8 rn at a 

water depth of 9 m. (b) View across the reef to the southwest of vent 1. Gas discharge is 

ubiquitous, but the health of the surrounding corals is obviously not compromised. 





distribution and height of vegetation is cIosely controlled by ground temperature (Burns, 

1997). Tridaaur clams are omnipresent througbout Tutum Bay and inchde T. gigas, T.  

m m a X L m a ,  T, crocea and T. sqlcarnosa- 



2. THE HYDROTHERMAL FEUID 

2.1 INIRODUCIION 

The chernicd composition of seawater is controiled through a combination of 

processes, such as low and high temperature seafloor alteration, fluvial and atrnospheric input, 

and sedimentation. In near shore environrnents, anthropopnic input in the f o m  of municipal, 

aJriculniral and industriai waste water rnay cause a sign5cant alteration of seawater 

composition. This holds mie partÏcularly for poorly flushed coastal waters in the 

Mediterranean, whereas in remote and under-developed regions, such as the Tabar-Feni 

islands, anthropogenic influences are generdly of M e  importance. In areas of volcanic activity 

andlor high heat flow, however, the discharge of fiuids from shallow marine hydrothermal 

systems may have a considerable impact on the chemical composition of the often 

biologicalIy-important coastai surface waters- 

The chemical composition of hydrothermal fluids can Vary si,anifantIy between 

subaeriai and submarine hydrothermal systems. Seafloor hydrothermal fluids are generaliy 

acidic, reducing and metal-rich (e-g., Von D a m ,  1990), whereas on-land hot spnng waters 

are generally neutral and rnetal-poor (e-g., Giggenbach, 1995a). Known shdlow-water 

hydrothemal systems, although submarine, have many of the aitributes of their on-land 

couterparts and are transitional in chamcter between deep-sea hydrothermal vents and 

terrestrial hot spnngs. 

The submerged fianks of island arc volcanoes provide an exceptional opportunity to 

snidy the essential differences and similarities between subaerial and subrnarine venting and the 

transition from one to the other. In the near-shore, shallow-water setting dong the western 

shore of Ambitle Island the physico-chernicd conditions may not be drastically different from 

the on-shore hydrothemal systems (for example in tenns of pressure and temperature), but 

their discharge into seawater sets them apart. Mwng with cold oxidizing seawater right at the 



seawater-seafloor interface for an impermeable seafloor, or in the subsurface if local sediments 

are saturated with seawater, causes Eh, pH and temperature to change in the hydrothermal 

fluid, in pore water and in ambient seawater. 

2- 2 SAMPLLNG A ? S ?  ACNALYTICAL PROCEDURES 

Generally the chernical analysis of water samples is more accurate under well controlled 

Iaboratory conditions than in the field. Some parameters, however, are unstable and must be 

therefore measured ïmmediately afier sampling. In this study 1 used sarnple containers, 

presemation techniques and holding tirnes recornmended for water analysis by the US Federal 

Regisv (Hach Company, 1993). Vent temperatures were measured with a maximum 

thermometer. Due to inherent diffïculties when workifig undenvater, however, these 

measurements should be regarded as minimum temperatures. Vent water samples were 

collected over a period of 10 days eidier by inserthg a ~eflon@ tube as far as possible into the 

vent orifice or covering the vent orifice with a ~eflon@" funnel. Medical syringes (60 mL) were 

connected to the Teflon tube or fume! via three-way stopcock. Using this setup, generally 15 

syringes were med at a tirne and brought to the surface. m e  sampling vents 2, 3 and 4 

minor arnounts of water vapor, indicative of phase separation, were observed during fllling of 

the syringes. On-board, aliquots were taken and immediately analyzed for pH, conductivity 

and alkalinity. Total alkalinity (A=) was measured as equivalent CaCO, and expressed as 

HCO,, using a Hach digital titrator and ti-g to an endpoint of pH 4.5 (Hach Company, 

1993). The remahhg solution was fdtered to ~0.45 pm and subsequently separated h o  

subsets for later analyses. Sarnples were stored in high density polyethylene bottles. Aliquots 

for cation and trace element analyses were acidifed wiîh ultra pure HNO,. AdditionaUy, 60 mL 

aliquots of selected samples were aciditied with double distilled HCl (358) for detemination 



of ASVAS? Samples for 6I3c analyses were m e d  into brown g l a s  bouIes (118 mL), 

poisoned with HgCl, and capped with phenolic screw caps with PolysealB lines to avoid 

headspace. 

The single orifice vents 1 and 2 were sampled twice and duplicate sarnples are uidicated 

by a capital letter following the sample nurnber, i.e., 1B. Two of the three orifices at vent 3 

were sampled, i.e., 3-1 and 3-2. A duplicate of 3-1 was taken. At vent 4 three samples were 

taken from three different orifices within a single rnound, Le., 4,4B, 4C. A sample of ambient 

seawater (Sm and the sarnples W-1 and W-2 fiom the on-shore hot spnngs (Fig. 1-1) were 

obtained by submerging a 1 L high density polyethylene bottle. These sample were treated 

exactly as the Tutum Bay vent waters. 

Throughout the sarnpling period several samples of de-ionized water were treated in the 

same way as the vent samples, Le., fdtered, acidified and fded into high density poiyethylene 

bottles. These sarnples were later analyzed together with the vent samples in order to check for 

possible contamination. In order to assure data quality for analyses that were not performed by 

myself, 1 always submitted blind duplicate samples. 

Major cations, trace elements, ultra trace elernents and rare earth elements (REE) were 

determined at the Geological Survey of Canadê Li, Rb, Sr, Sb, Cs, and TI by direct ICP-MS 

and Fe and Mn by chelation ICP-MS following a tenfold dilution with de-ionized water. REES 

were analyzed by chelation ICP-MS without dilution and the following isotopes were used to 

minimize isobaric interference: ' 3 g ~ a ,  '"ce, '"Pr, '"Nd, '47~rn,  l S 3 ~ u ,  I6O~d, '59~b, 1 6 ) ~ y ,  

16'~o, 166~r, 16Trn7 174Yb and 17'Lu. A more detailed description of the direct and chelation 

inductively coupled plasma mass spectrometry (ICP-MS) methodolog and associated figures 

of ment can be found elsewhere ( H a  et al., 1995; Hall et al., 1996). ca2', ~ g " ,  Na* and K' 

were rneasured by flame atomic absorption spectrometry (FM). Pnor to analyses for ca2', 

~ g " ,  Na+ and K' a Csffi buffer solution was added to a suitable aliquot of the sample to 

suppress ionization. Si and B were analyzed by ICP-ES. The total arsenic (AS=) concenmtion 

was measured by AAS at a solution pH 4 as  As-hydride. AS- was determined by AAS as 



AS-hydrïde, generated at pH 5 (citrate buffer). Findy,  AS% was calculated from the 

difference between AS= and As? Anion (CL Br-, S O ~ )  concentrations were meanued at the 

University of Ottawa with a DIONEX 100 High Pressure Liquid Chromatograph. Calibration 

cuves were constructed using a control blank and DIONEX standard solutions. The overall 

completeness and quaIity of each analysis was checked by perfonning a charge balance 

according to: 

Zanions (meq) = Ecations (meq). 

The difference was dways less than 5%. 

Gas samples were couected into 600 rnL bottles through an inverted Teflona funne1 that 

was placed over the vent. In order to estimate the total gas flux fiom Tutum Bay more than 100 

fiux rneasurements were carried out by timing the replacement of a known water volume from a 

graded cylinder. AU flux measurements were normalized to 1 bar (Le., atmospheric pressure at 

sea level). The chernical composition was analyzed ai the Institute of Geological and NucIear 

Sciences in Lower Hutt, New Zealand following Giggenbach and Gogoul(1989). 

Oxygen and hydrogen isotope ratios were determined at the University of Ottawa and 

are reported in delta notation (6) relative to VSMOW- Oxygen was analyzed following CO2 

equilibration at 25°C on a triple collector VG SIRA 12 mass spectrorneter. The CO,-water 

fiactionation factor used is 1.0412 (Friedman and ONeiI, 1977). The routine precision (20)  on 

the analyses is 0.10%~. Hydrogen isotopes were dete-ed on & generated by zinc reduction 

in an automated double collector VG 602D mass spectrometer. The routine precision (20) for 

these analyses is 1.5%0. The isotopic composition of dissolved inorganic carbon (DIC) was 

determined on a triple collector VG SIRA 12 mass çpecaoxneter by analysis of CO, generated 

by reaction with H,PO, The routine precision (20) on the analyses is 0.10%0. 

"~ r / ' ~ s r  were measured on a five collector Finnigan MAT 262 solid source mass 

spectrometer at the Institut für Geologie, Ruhr Universitat, Bochum following Buhl et al. 



(199 1) and Diener et al. (1996). The average of 100 repeat measurements for the NBS 987 

standard was 0.7 10224-Çn.000008, 

2.3 RESULTS 

2.3.1 General Statement 

The sarnples collected from the submarine vents in Tutum Bay are mixtures of 

hydrothermal fluid and seawater (Table 2-1). Enaainment of ambient cool seawater may have 

happened in the shdow seafloor or during sarnpling. Assumùig conservative behavior during 

mixing, several chemical species can be used to trace the mïxing process if the concenmtion 

Merence between seawater and hydrodiermal fluid is sufficient. The best case scenario is if 

the element under consideration is absent in one of the mixing partners. The early laboratory 

study of Bischoff and Dickson (1975) showed that high temperature (>20û0C) hydrothermal 

fluids have lost all their Mg due to precipitation of Mg-kh minerals in the subsurface. 

Although the fluids that discharge in T u m  Bay are quite different from those studied by 

Bischoff and Dickson (1 979, Mg is used as an indicator for seawater entrainment. Given their 

chemical composition and proximity to shore, Tutum Bay hydrothermal fluids most lilcely 

denved from meteonc waters that are already much Iower in Mg when compared to seawater. 

In addition, most studies of deep circulaihg genthemal waters that are meteoric derived, show 

very low concentrations of Mg (< l mgA) (e.g., Nicholson, 1992), as çonfmed by the 

analyses of sarnples W-1 and W-2 (Table 2-1). The assumption of complete Mg absence in the 

vent fluids is rnost Likely not correct, but given the enormous concentration difference between 

seawater and vent fluid, it is well within any analytical uncertainty. Another option to correct 

for seawater entrainment is to use Si as a tracer of mWng (e.g., Sedwick and Stüben, 1996). 

Both alternatives have been explored in Fig. 2-1, where Si and M$ are plotted vs. Cl- with 



TABLE 2- 1 
LOCATION, TEMPERATURE, PH AND MAJOR ELEMENT COMPOSITION OF TUTUM BAY VENT WATERS, AMBIENT 
SEAWATER AND ONSHORFi GEOTHERMAL SPRINGS. 

vent 1 

Vent 1 

Vcnt 2 

Vent 2 

Vent 3 

Vent 3 

Vent 3 

Vcnt 4 

Vent 4 

Vent 4 

Wmmung 
Hot Spring 

Kapkai 
Hot Spring 

Seawnter 

Notes: n.d. not determineci; * values represent total alkalinity because they include HS- alkalinity. Repeat standard deviations in % are as 
follows: Cl, Br, SO,, B, Si, Na, C a ,  Fe, Mn, Rb, Sr, < 5 %; K = 7 %; Sb = 16 %; As = 17 %. 



-1," A Vent 3 

4 Vent 4 
b i t ,  L i .  

Fig. 2-1 (a) Dissolved Mg vs. Cl in Tutum Bay vent waters and seawater. (b) Dissolved Si vs. 

Cl in Tutum Bay vent waters and seawater. (c) Dissolved Mg vs. CI for  individual vents. (d) 
Dissolved Si vs. Cl for individual vents. 



their respective hear regression fits. The Si values, although, consistently decreasing with an 

increase of seawater component (Le., CI- concentration) deviate barely beyond îheir andyt id  

error (Fig. 24b, d). Relative to ambient seawater, MF is depleted and Si is e ~ c h e d  and both 

show alinost perfect correlation (3 > 0.99) with Cl- (Fig. 2-124 b). This high correlation, 

however, is due to the outlier effect (Swan and Sandilands, 1995) caused by the seawater data 

point. Excluding this outlier (Fig. 2- lc, d), the correlation, although still high, is somewhat 

less for Si (3 = 0.928) than for ~ g '  (3 = 0.987). It is assumed therefore that for T u m  Bay 

samples M? is a more reliable mcer of mixing. The poorer correlation for Si may be due to 

its higher susceptibility to changes in temperature and its greater inchation to post-sampling 

concentration changes due to adsorption on to container walls. 

The datapresented in Table 2-2 are endmember compositions that have been calculated 

according to the following formula: 

wtiere X N  is the calculated endmember concentration, Xn the measured concentration, XSW the 

concentration in seawater. No correction of chernical composition for phase separatïon was 

attempted. In order to account for phase separation, the sampluig pressure, s tem composition 

andlor reservoir conditions have to be known (Henley et al., 1984). This information can 

generally be obtained when sampling in explored on-land geothermal systems, but not when 

sarnpling undenvater hot-springs. The effect of phase separation on chernical composition for 

Tuturn Bay vent waters, however, seems to be negligible. ûnly minor amounts of s tem were 

observed while sampling vents 2, 3 and 4 and no steam was observed at vent 1. The 

impression of heavy boiling seerns to be an effect caused by simultaneous discharge of 

non-condensabie gas and water. 



TABLE 2-2 
CALCULATED ENDMEMBER COMPOSITION FOR PH, MAJOR AND SELECTED MINOR ELEMENTS IN TUTUM BAY 
VENT WATERS 

- - .  

Note: * Mg concentration for these sainples is O ppin by coiiventioii 



The samples W-l and W-2 from the on-land thermal areas were taken from the sarne 

springs as samples WAl and KP in Licence et al. (1987). Their chernicd composition is in 

excellent agreement, indicatïng stable conditions for these springs during more than 12 years 

(Table 2 4  and Table 1 in Licence et al., 1987). 

2 - 3 2  The anions: CI', Br; sO," and HCO; 

The vent waters from Tutum Bay are depleted in Br-, SO," and Cl- relative to ambient 

seawater and SO," and Cl- are positively comelated with ~ g ' r  (Fig. 2-2). There are no distinct 

trends for individual vents; all samples either folIow the same vent water - seawater mixing 

trend or plot in one duster. H O , -  is enriched relative to ambient seawater and negatively 

correlated with ME". The linear regression analysis shows a very high degree of correlation 

for all thiee species (> 0.986), but excluding the seawater outlier the correlation for so f is 

much less (3 = 0.77) and for HCO,' correlation disappears (3 = 0.165). 

Endmember compositions are listed in Table 2-2. For a i l  samples, SOI' values are 

within their analytical uncertainv. Cl- and Br-, however, show a siagnifïïant spread except for 

vent 1. 

3.3.3 The alkali metals: Li", Na*, K", Rb" and Cs' 

The alkaline metals Li', Rb' and Cs' are sibgdicantly emiched over ambient seawater 

and negatively correlated with MC (Table 2-1 and Fig. 2-3). Na' and K' are si,Micantly 

depleted relative to seawater and positively correlated with MP (Table 2-1 and Fig. 2-3). The 

Na* depletion is similar to the depletion observed for Cl-. Again, excluding the seawater outlier, 

only Na+ maintains the high degree of correlation (Fig. 2-3). 

Endmember concentraiions are Lsted in Table 2-2. Except for the Na* value in sample 

1, which is slightly higher than the rest, al1 Na' and Li" estimates are widiin their analytical 



Fig. 2-2 Major anions (CI, S O, and HCO,) vs. Mg in Tuturn Bay vent waters and seawater. 

is the correlation coefficient for the linear regression taking into account the whole data set 

including seawater (Mg - 1200 ppm) and 3 in brackets is the correlation coefficient for the 

linear regression excluding seawater. See text for more detail. 



Fig. 2-3 Li, Na, K and Rb vs. Mg in T u t u  Bay vent waters and seawater. Explanation of 
correlation coefficients as in Fig. 2-2. See text for more detail. 



error. The K+ values fall into two distinct groups for area A and ara B, with higher 

concentrations in B. The Rb' and Cs' concentrations are within their analytical error, the values 

for area B, however, are consistently higher than those for area A. 

2.3.4 The alkaline earths: MF, ~ a "  and si' 

AU Tutum Bay vent waters have ~ a "  concentrations that are siYpïficandy lower than 

ambient seawater (Table 2-1 and Fig. 2-41. Values for vents in area A and area B plot in two 

distinct goups that are both positively correlated with M$ (Fig. 2-4). Linear regession 

analysis shows a high degree of correlation (? > 0.99) for both groups which is maintained (? 

s 0.93) after exclusion of the seawater outlier (Fig. 2-4). The SI? concentration in vent waters 

is only slightly lower than in arnbient seawater and there is no apparent correlation between 

Si' and MF. 
Endrnember concentrations for ~ a "  are almost identical for individual vents (Table 2- 

2). Concentrations for both areas are within theïr respective analytical uncertainty, but area A 

vents have slightly higher values. 

3.3.5 Selected trace elements: Fe, Mn, As, TI, Sb 

The transition metds Fe and Mn are highly enriched over ambient seawater (Table 2-1 

and Fig. 2-5). Values for vents in area A are higher than those from area B, but both are 

positively correlated with M e  (Fig. 2-5). After exclusion of the seawater value, correlation 

for area A drops substantially while for area B it remains high. The values for the individual 

areas, however, do not deviate beyond their analytical error. 

Endmember concentrations for Fe and Mn are almost identical for individual vents 

(Table 2-2). Concentrations for both areas are within their respective analytical uncertainty, but 

area A vents have si,@ficantly higher values. 



R Area A 

Fig. 2-4 Ca and Sr  vs. Mg in Tutum Bay vent waters and seawater. Explanation of correlation 

coefficients as in Fig. 2-2. See text for more detail. 



Area A 
0 Area B 

P = 0.988 (0.378) 

Fig. 2-5 Fe and Mn vs. Mg in Tutum Bay vent waters and seawater. Exphnation of 
correlation coefficients as in Fig. 2-2. See text for more detail. 



Relative to ambient seawater, Sb, As and Tl are si,.nificantly e ~ c h e d  in ail vents 

(Table 3-1). Arsenic concenû-ations are up to 275 times above seawater and it is dominantly 

present in its tri-valent state. Endmember concentrations for Sb, As and Tl f a  into groups, as 

observed for ca2+? Fe and Mn, except that values for area B are higher than those for area A. 

2.3 - 6 Rare earth elements (REE) 

Rare earth element (RE351 concentrations in Tuhun Bay vents waters are generally one 

order of rna=htude higher than those reported for average seawater (Fleet, 1984). North 

Amencan ShaIe Composite (NASC) nomaluzd raw and endmember concentrations are plotted 

in Fis. 2-6. The pattern geometry for raw and endmember values is effectively the same, 

except that the endmember pattern plot slightly higher. The samples from vents 1 and 3 (1, 

3-1 and 3-2) and their duplicates (1B and 3-1B) plot very closely together, showing the same 

pattem geometry: an initial drop from La to Ce followed by rise from the Ce minimum to a Eu 

maximum and a slight decrease towards an intermediate Lu. The pattern geometry for sarnples 

from vent 4 (4,4B and 4C) is quite different; REE concentrations initially drop fiom La to the 

Ce minimum, followed by a rise to a Dy maximum and a slipht decrease towards Lu. 

7.3.7 Isotopes: 6I3c, "~r/~'Sr,  6% and 6D 

The 6I3c of Tutum Bay vent waters are depleted relative to seawater. They scatter 

siapificantly and there is no correlation with Mg (Fig. 2-7). As a result, Mpcorrected values 

still scatter beyond their analfical error which sers 6 " ~  apart h m  the other isotopes (see 

below) (Table 2-3). This is not surprising considering how pH-dependent the pochemistry of 

CO, - and its dissolved species is. Mixing with ambient seawater affects not only the isotope 

composition but also the pH. 613c is thus the isotope value most susceptible to seawater 



1 volc. rocks' 

VENT 2 /C2 

Fig. 2-6 North Amerîcan Shaie Composite (NASC) (Haskin et al., 1968) normalized rare 

earth element (REE) plots for vents 1, 2, 3 and 4. EEE concentrations for vent waters are 

rnultiplied by 106. The bold pattern without 1abeIs represents the average REE composition of 

volcanic rocks fiom Ambitle Island; data are from Wallace et al. (1983). 



Fig. 2-7 613c and %P6sr VS- Mg in Tutum Bay vent waters and seawater. The small inset in 
the lower right corner shows the whole data set including seawater. Explanation of correlation 

coefficients as in Fig. 2-2. See text for more detail. 



TABLE 2-3 
OBSERVED AND MG-CORRECTED LSOTOPIC COMPOSITIONS OF TUTUM BAY 
HYDROTHEFIMAL FLUIDS 

S ample S"C (PDB) 6180 (VSMOW) 8D(VSMOW) "S~/~ 'S  r 

Notes: n.d not detemiined; n.a not applicable; raw values are in nomal font and Mgcorrected 
values are in itaiics. Max. error for suontium isotope values is *.O00009 2 Standard Errors. 



contamination. The samples with the lowest values- therefore, should most likely be the best 

estirnates of 6"~. 

The 8 7 ~ r / g 6 ~ r  ratios of vent waters are considerably lower than those of local seawater 

(Table 2 3 ) .  Values for the whole data set (including seawater) are positively correlated with 

M$+ (i > 0.99) and the degree of correlation remains high after exclusion of the seawater 

value (? > 0.96) (Fig. 2-7b). After Mgcorrection for seawater contamination all ratios are 

within their analytical uncertainty of i0.000009. Their mean (0.70394) is almost identical to 

the X-axis intercept of the linear regression, i.e., zero-Mg ratio (0.703933)- Both ratios (mean 

and x-axis intercept) are in very good agreement with the "~ r /%r  ratio of on-land samples 

(W- 1 and W-2, Table 2-3) and of subsurface rocks at Ambitle Island (0.7038 13, M. Perfit, 

pers. comrn.) and, therefore, strengthen the assumption of a zero-Mg endmember and the use 

of M$* as a tracer of seawater mUung. 

6"0 and SD are relatively depleted compared to local seawater (Table 2-3). 6Ig0 is 

positively correlated with M$ (? > 0.99) and the degree of correlation remains high after 

exclusion of the seawater value (? > 0.98) (Fig- M a ) .  6D seerns to be positively correlated 

with Mgy (? > 0.97), but values hardly deviate beyond their andyticd unceaainty (Fig. 2-8b). 

This correlation, however, is invalidated (? > 0.37) after exclusion of the seawater value 

(outlier). After Mg-correction for seawater contamination aU values for 6180 and 6D are within 

their analytical uncertaïnty and they plot on the local rneteoric water line (IMWL,) (Fig. 2-9). 

The means of 6180 (-5.1 1 %O) and 6D (-30.73 %O) of Mg-corrected T u w  Bay vent water are 

aimost identical to the means of 6180 (-5.18 %O) and m) (-30.71) of local precipitation (see Fig. 

2-9 for more explanation). 

2.3.8 Gas composition and flux 

The chernical and isotopic compositions of non-condensable gases coflected from 

submarine vents in Tutum Bay are Iisted in Table 24 .  In d l  samples, CO2 is the dominant 



Fig. 2-8 P O  and 6D vs. Mg in Tunim Bay vent waters and seawater. The small inset in the 

lower right corner shows the whole data set includuig seawater. Explanation of correlation 

coefficients as in Fig. 2-2. See text for more detail. 



Fig. 2-9 6"0 and m) plot of Tuhm Bay vent water, seawater and two onland hot springs, 

W-1 (Wararnung) and W-2 (Kapkai). The box for "andesitic water" is fiom Giggenbach 

(1992). The srnall inset in the upper right corner shows the whole data set for the local meteoric 

water line (LMWL). Data are from the website (http://www.iaeaor.at) of the International 

Atomic Energy Agency (ïAEA) and represent the four closest monitoring stations to Ambitle 

Island whose elevation is sea level. Filled diamonds are Mg-corrected values and open 

diamonds are as andyzed. 



TABLE 2-4 
CHEMICAL AND ISOTOPIC COMPOSITIONS OF DRY GASES FROM TU?ZTM BAY, 
AhfBDZE ISLAND IN %ç AND MMOUMOL, RESPECTIVELY; T("C) IS THE CH,/C02 
EQUILIBRATION TEMPERATURE 

Note: N,(c) = N, - 20,; n.d. is not determined 



component, but all the submarine gases contain si,gnZïcant amounts of O,, representinj either 

an 'derent component of these gases, dissolved air saipped from seawater by the rising gas 

bubbles, or introduction during sampling. In the absence of any information on the origin of O2 

and N,, their concentrations c m  be corrected by subtracting 2 * O, from measured values of N, 

to obtain N7(c) (corrected) (W. Giggenbach, pers. comm.). The factor of 2 is the approximate 

value of the N,-O, ratio in air-saturated water. - - 

Subrnarine environments offer the unique oppominity to study and measure the gas 

flux from a hydrothemal area The presence of gas bubbles aIlows for precise location and 

account of every gas vent which, in theory, permits the precise, quantitative determination of 

the arnount of discharge. The total gas flux from the Tutum Bay hydrothemal area is 

approximately 20 Us and the arnount of CO, released is approximately 18-19 Us. 

2.3.9 Redox potential 

In addition to the sampling for chemical analyses, I dso sampled a limited amount of 

water from each vent dunng a single dive for simultaneous on-board Eh and pH 

measurements. This was done in order to assess a possible si,onif~cant redox difference 

between the individual vent fluids. The pH measurement was used to monitor seawater 

contamination and the quality of the Eh measurement was checked against Ouinhydrune 

solution (e-g., Clark and Fritz, 1997). AU vent fluids were found to be reducing and have 

similar Eh values; vent 1 = -O.Z75v, vent 2 = -0.17 IV, vent 3 = -0.173~ and vent 4 = -0.175~. 

These values are similar to those obtained from A?+/As" calculations (Fig. 2-10). 



Seawater 

Fig. 2-10 Eh-pH diagram for the system As-O-H at 30°C (dashed lines) and 100°C (solid 

Lines) at a pressure of 1.013 bars. Activities of AS> and HC03* are assumed to be 10-~ and IO-', 

respectively. Thermodynamic data are from Brookins (1988) and references therein. 



2.4 DISCUSSION 

The dischargc composition of thermal springs is controlled by two sets of processes: 1) 

deep reservoir conditions, and 2) secondary processes during ascent. In the deep reservoir, 

host rock composition, temperatme, direct magmatic contributions and residence time are the 

controlling factors. During ascent a drop in pressure and temperature c m  initiate phase 

separation and minera1 precipitation, causing a dramatic change in fluid composition- Mkhg 

with other hydrothermal fluids andor groundwater is possible at any depth. In nez-shore and 

submarine environments mWng with seawater Carnot be ruied out. The chemical composiuon 

of a hydrothermal fluid, sampled at the surface, generally contains an imprint of its subsurface 

history. Chemicdy inert constinients (tracers) provide information about their source, whereas 

chemically reactive species (geoindicators) record physico-chernical changes (cg., Ellis and 

Mahon, 1977; Giggenbach, 199 1; Nicholson, 1992). Examples of widely used solute tracers 

and geoindicators-are CI, B, Li, Rb, Cs and Na, K, Mg, Ca, SiO,, respectively. The boundary 

berween the two groups, however, is not riad and depending on the physico-chernical 

conditions of the hy dro thermal s ys tem tracers rnay participate in chemical reactions and 

geoindicators can behave inertly, 

The division into area A and B, based inihally on pographic location, has been 

reinforced by chemical composition. Atthough the chemical composition of a l l  Tunun Bay vent 

waters is quite alike, compared to area A, area B has higher K, Rb, Sb, Cs, Tl and As and 

lower Ca, Li, Mn, Fe and Sr concentrations (Table 2-5). This seems to be directly related to the 

composition of samples W-1 and W-2 b a t  also have elevated concentrations of K, Rb, Sb, Cs, 

TI, and As and lower Ca, Li, Mn, Fe, and Sr concentrations cable 2-1). Thus the slight 

chemical difference in area A and B vent waters may be amibuted to varying subsurface 

addition of a hydrothemal fluid similar in composition to W-1 and W-2. 

The rare earth element (REE) patterns (Fig. 2-6) are as expected for hydrothermal fluids 

with a pH of - 6 Wchard, 1989). The pattern geometry is similar to that of the host rocks 



TABLE 2-5 
AVERAGE CHEMICAL AND ISOTOPZC COMPOSLTTONS FOR AREA A 
AM3 AREA B HYDROTHERMAL FLUIDS COMPARED TO SEAWATER 

SarnpIe Unit Area A Area B Seawater 

8 7 ~ r / s 6 ~ r  ratio 0.70392 0.70395 0.709 18 

Note: *Mg concentration is assumed to be O ppm by convention. 



(Fig. 2-6) but Ce, Pr, Nd and Sm are relatively depleted, reflecting their greater immobility 

during hydrothemd alteration (Thompson, 199 1). Some of the Ce may also have k e n  lost 

due to adsorption ont0 or CO-precipiration with F e 0  oxyhydroxides p ~ o r  to sarnpling. Ce3' 

is easily ~xidized to Ce* arid rnay direcrly precipitate as C e 0  while the other REEs still rernain 

in their trivalent state (Goldber; et al., 1963). l n  addition, Ce f o m s  colloidal ceric hydroxide 

(Carpenter and Grant, 1967) which is readily scavenged by FeCm) oxyhydroxides. The slight 

ciifference in pattern pometry between areas A and B could be caused as weU by vuying 

degrees of subsurface mWng. This, however, does not account for the merence in vent 2 

samples. 

2.4.1 Crib@n of the hydrothermal fi uid and probable rnixing trends 

A fluid in a hydrothermal system rnay be denved from any, or any combination, of the 

followinj sources: meteoric water, seawater, connate water, magmatic water and juven.de 

water. Mixing of waters from different sources affects many aspects of the geochemistry of a 

hydrothermal system, such as chernical composition, isotopic composition, temperature profile 

and gas content. Deep sea hydrothermal systems active dong mid-oceanic ndges, in back-arc 

basins and on the Banks of seamounts likely denve all their fluid fiom seawater, akhough a 

rninor magmatic contribution cannot be cornpleteIy d e d  out (De Ronde, 1995). In contrast, 

on-land hydrothermal areas derive most of their fluid from meteonc sources, but a sibanificant 

rnaamatic contribution is likely (e-g., Giggenbach, 1992)- Determination of the k i d  ongin is 

an important step in order to constrain subsurface processes and reservoir conditions. While 

the source determination is relatively straightforward in deep marine and inland setungs, the 

subject becomes more complex in coastal regions (off-shore and on-shore) where seawater 

incursion can si,gificantly alter the fluid composition in a hydrothemal system. For exarnple, 

seawater mixing is present in the Sawsava (Fiji), Puna (Hawaii) and Reykjanes (Iceland) 

hydrothennd systerns (Nicholson, 1992). Similady, meteoric water may be the source for 



subrnarïne hydrothemal systems in coastal areas where a steep topography and ample supply 

of rainwater can force the Ghyben-Herzberg boundary substantially offshore (Chuck, 1967; 

Nahrn, 1966). Tropical and subtropical island-arc volcanoes are good exampies for these 

conditions. Subsurface sealing of a hydrothemal systems, as argued for White Island, New 

Zealand (Giggenbach et al., 1989), can be another mechanism to prevent seawater fiom 

entering the nearshore environment, thus aLIowing for a rneteonc water dominated subrnarine 

hydrothemal system. 

The deuterium and oxygen isotopic composition of water is generally a good indicator 

of its origin. AU Tunim Bay vent waters plot very close to the local meteoric water line 

( L W )  whose equation is (Fig. 2-9): 

8D = 7.56 * 6180 + 8.4 12-31 

and their mean 8D and PO is alrnost identical to mean local precipitation, thus indicating that 

they are of a local meteoric origin, although discharging in a submarine environment. 

Hydrothermal fluids normally plot to the right of the LMWL due to exchange of "0 with rock 

that came into contact with the fluid (e-g., Craig, 1966) or caused by subsurface m%ng with 

an "andesitic water" (Giggenbach, 1992). Tutum Bay vent waters did not shifi to the rïght of 

the LMWL indicating that they have undergone only little water-rock isotope exchange or 

mucing with an "andesitic water". Neither process, however, can be completely mled out 

because an initial ''0-shift to the heght rnay have been later reversed by a subsequent isotope 

exchange between CO, and MO. Isotope shifts to the left have been observed in several CO,- 

rich aquifers and hydrothermal waters (e-g., Fritz and Frape, 1982; Vuataz and Goff, 1986). 

The two on-land hot springs, Waramung and Kapkai, show a sibmcant diagonal shift to the 

right which is conaary to the isotope exchange model by Craig (1963) but in support of the 

"andesitic water" model by Giggenbach (1992). The somewhat steeper rnixing slope is to be 



expected and c m  be explained by underground steam separation at a shallow level pnor to 

discharge. 

The S 7 ~ r / 8 6 ~ r  ratios of Tutum Bay vent waters are quite different from local seawater, 

aithough' their Sr concen~ations are similar flable 2-3). In contrast to the absolute Sr 

concentration, which in a hydrothemal fiuid is controlled by host rock composition, pH (CO, 

content) and temperature, the 8 7 ~ r / 8 6 ~ r  ratios are independent of physico-chernical effects and 

similar or identical to those of the host rocks at isotopic equilibrium (e.g., Barnes et al., 198 1). 

Based on their work at the Valles caldera, New Mexico, Vuataz et al. (1988) found that 

isotopic equilibrium for 8 7 ~ r / 8 6 ~ r  between a hydrothermal fiuid and iü host rock is rapidly 

attained. The same authors dso noted that low Sr concentrations are generally characteristic of 

high temperature volcanic hosted hydrothemal systems, while high Sr concen~ations are 

characteristic of low temperature a d o r  a Paleozoic sedimentary aquifer/reservoir. If seawater 

is considered as a possible source then the "srlg6sr composition of Tutum Bay vent waters cm 

only be explained by a cornplex and unlikely process of complete removal of seawater Sr, 

followed by Sr addition from vokanic rock. 

Additionally, a seawater source or substantial seawater dilution can be d e d  out on the 

bais of raùier low total dissolved solids (TDS) (C 3000 m g )  and rnolecular ratios indicative 

of a seawater source or seawater dilution, such as C m ,  CI/Br, CVSO, and CalMg 

(Nicholson, 1992), that are quite different from those caused by seawater mixing. 

After the meteoric origin of Tutum Bay vent fluids has been established, their 

physico-chemical history is best explored in a set of diagnostic temary diagram (e.g., Chang, 

1984; Giggenbach, 199 1; Giggenbach, 1997; Nicholson, 1992). Hydrothermal waters are 

generally divided into n e u d  chloride, acid sutfate and bicarbonate waters, but mixtures 

between the individual groups are cornmon. They are classified on the basis of their major 

anions: Cl, SO, and HCO, (Fig. 2-1 1 a). Tutum Bay vents plot close to the ECOj corner dong 

the upper boundary for s t e m  heated waters. Waters that plot in this area generally form due to 

condensation of vapors separated from a deeper neutrd chloride water into cooler 
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Fig. 2- 1 1 (a) Relative Cl, SO, and ECO, contents of Tutum Bay, Waramung and Kapkai hot- 

springs. Empty symbols indicate SO, comted position (see text). ECO, has ken  corrected 

for seawater contamination and includes H2C03 and HCO,. (b) Relative Li, Rb and Cs 

contents of Tutum Bay, Wararnung and Kapkai hot-springs. Anows indicate fluid evolution 

due to Rb and Cs-Ioss into alteration minerais. The dashed line indicates relative Li uptake by 

the hydrothermal fluid due to shallow processes (see text) and possible entrainment of meteoric 

water. The Rb-Cs ratio remains relatively constant. 



ground water at a shdlow Ievel. There, based on the gas content of the vapor and redox 

conditions, either acid sulfate or bicarbonate waters are formed (e-,o., Ellis and Mahon, 1977; 

Giggenbach, 1997; Hedenquist, 1990; Henley and Ellis, 1983). Baçed on their relative 

position 'in the temary diagram the T u m  Bay waters are classiITed as bicarbonate waters, 

although the sulfate content of is too high for a mie bicarbonate water. The hiph SO, content 

c m  be attributed to subsurface contribubon from a S0,-nch neutral chloride water, thus 

shifting the samples away from their original field along the CI-XO, mixinp line (Fig. 2-1 la). 

The S0,-nch neutrd chloride water is represented by samples W- l and W-2 (Fig. 2- 1 la) that 

were collected at the Waramung (W-1) and Kapkai (W-2) thermal areas. The waters discharged 

from these hot-spnngs are interpreted to represent the deep reservoir fiuid of the extensive 

hydrothermal system that is present under the West side of the island (Licence et al., 1987)- 

Their high sulfate concentration may be due to absorption of ma-matic vapors (cg., 

Giggenbach, 1997) or sirnply result from leaching of marine sedïmentary rocks that underlie 

the Ambitle volcano (Wallace et al., 1983). Their position on the CL-LCO, &g line, 

however. c m  be projected by simply drawing a &g line between Tuturn Bay, Waramung 

and Kapkai samples and shifting it parallel until W-1 and W-2 are in the field of deep chlonde 

waters. Now they plot at a position indicative of a CO,-rich dilute chloride waters which forrn 

by way of mixing with a shallow CO,-rich water (e.g., Hedenquist, 1990). They c m  aiso form 

by mixing with groundwater, but then they would plot closer to the deep chloride water field 

(Fig. ?-Ha). Dilute chloride waters are generally found above boiling zones and on the 

magins of high temperature hydrothermal systems. 

Based solely on major anion composition, mking between a bicarbonate water and 

seawater cannot be entirely ruled out (Fig. 2-1 1 a) and less reactive elernents, such as the rare 

alkalis Li, Rb and Cs (Giggenbach, 1991), must be uglized as additional critena for fluid 

origin. These elernents are added to the hydrothermal fluid at depth due to water-rock 

interaction and they are generally not affected by shallow processes. Relative Li, Rb and Cs 

contents (Fig. 2-1 1b) more or less exclude the possibility of a substantial seawater component. 



AU samples plot away from the cornpositionai field of crusral rocks, indicating that secondary 

processes must have affected their composition. The crystallization of illite at hÏgh temperature 

must have removed sorne of the initial Rb from fluids W-1 and W-2 explainhg their relative 

position in Fip. 2-1 lb. The Li/Cs ratios is dependent on lithology and the intermediate position 

between basalt and rhyolite is in good agreement with the andesitic composition of the Ambitle 

volcano (Wallace er al., 1983). The relatively higher Li content of the T u m  Bay sarnples may 

be due to the Cs-uptake into secondary zeolites during cooling, Li-uptake due to shallow 

processes, or mixing with meteoric water (Fig. 2-1 lb). The loss of Cs to zeolites is most likely 

not of any importance considering that the RbKs ratio remains constant. In Tuturn Bay waters 

the ratios of all alkalis, except for Li, are almost identical to those in samples W-1 and W-2. 

Buttefield et al. (19901, who snidied the boiling hydrothemai fluids at Axial seamount on the 

Juan de Fuca ndge, also noted unexpectedly high levels of Li in the vapor-enriched phase and 

amibuted this to water-rock interaction subsequent to phase separation. This would argue that 

at least some of the relative Li increase has to be atuibuted to shallow leaching, a proposition 

contrary to the belief that Li is the alkali probably least affected by secondary processes (e-g., 

Giggenbach, 199 1). 

Two other important elements, C1 and B, are widely used to trace the origin and the 

subsurface flow of hydrothermal fluids. In the case of the Tutum Bay samples, however, Cl 

cannot be applied successfully because the concentration gradient between seawater and 

hydrothermal nuid is enormous and the error introduced due to seawater contamination is 

therefore substantial. Boron, on the other hand, seems to be an excellent tracer for subsurface 

conditions at Ambitle Island (Fip. 2-12). Regardless of their concentrations L a ,  RbB and 

Cs/B ratios remain constant in aU samples, indicating a cornmon source reservoir. The 

subsurface flow direction from W-2 over W-1 to Tutum Bay is indicated by decreasing B and 

alkali contents which record dilution of the deep reservoir fluid by either groundwater or 

bicarbonate water (Fig 2-12), in accord with their geoographic and topographie location. The 

vents in Tutum Bay are topographically lowest and furthest away fiorn the center of the 



Fig. 2- 12 (a) Li, Rb and Cs vs. B in Tutum Bay, Waramung (W-1) and Kapkai (W-2) hot- 

springs. ?' > 0.99 for al1 linear regression fines. (b) Na and K vs. B in Tutum Bay, Waramung 

(W- I) and Kapkai (W-2) hot-springs. ? > 0.9 1 for al1 linear regression lines. 



hydrothemd systern, whereas the sarnple from the Kapkai thermal area (W-2) is relatively 

higher (approximately 30 m above sea level) and closer. The linear regression lines for Rb and 

Cs and for Na and K converge exactly at that point where they intercept the x-axis (Fig. 2- 12). 

Assumin% that the regression lines represent mixing between deep neutml chloride and shallow 

bicarbonate water, the intercept of the x- or y-axis represents one endmember. This 

endmember, based on Rb and Cs would have a boron excess of approximately 3 pprn, wherea 

the one based on Li would have a Li excess of approximately 0.25 ppm. The former is a much 

more likely alternative for a process that forms bicarbonate water. Boron occurs largely as 

bonc acid @BO,), its volatile fomi, and can be easily carried in the vapor phase even at lower 

temperames (Tonani, 1970). Using a simple mass balance equation, based on the 3 ppm 

boron excess, bicarbonate and chloride water fractions were calcdated to be 0.89 and O. 1 1, 

respectively. Based on the Na-K boron excess bicarbonate and chloride water fractions would 

be 0.93 and 0.07, respectively. This deep reservoir component is in good agreement with that 

found in waters of similar orïgin in other hydrothermal systems. Hedenquist (1990), for 

example, estimated that at the Broadlands-Ohaaki geohermal system most of the marginal 

upflow mixes with steam-heated waters and only little deep fluid (- 10 9%) rises to the surface. 

Additional insight into potential processes controlling the fluid composition and 

subsurface processes may be provided by the chernical composition of the gases, as listed in 

Table 24. An initial classification of the gases is carrïed out in terms of relative concentrations 

of N,(c), He and CO, - contents (Giggenbach, 1995b). On the bais  of gas discharges from a 

wide range of tectonic environments, the compositions of volcanic and geothennal vapon were 

found to represent essentially mixtures of two endmember components: a mantle derived 

component, very low in N, with COJHe ratios of 20 000 to 40 000, and an arc-type 

component with much higher CO@e ratios of s 106 and a quire uniform CO& ratio of 

100i60 (Giggenbach, 1995b). The data points for the gases plot at the upper boundary of the 

compositional area outluied for volcanic and geothemal vapors (Fig. 2-13) and across the 

middle of the triangle, suggesting a major input of mande-derived gases. The increased relative 



Fig. 2-13 Temary plot of relative CO,, N, and He contents of non-condensable gdses collected - - 
from submarine discharges in Tutum Bay (after Giggenbach, 1995b). The shaded area 
indicates the relative position for mantle and arc type gases. The arrow indicates N, uptake due 

to sample contamination with air. 



N2 contents may refiect increased stripping of N, du& the nse of the gases through 

air-saturated seawater. Increased interaction of the gases with water c m  be expected to Iead to 

removal of soluble components, an assumption supported by the absence of H,S, the most 

soluble component (Table 2-4). 

The 6 ' ' ~  isotopic composition of the COz could be reconciled with a predorninantly 

mantle origin, but could aIso point to the addition of carbon from marine carbonates. The Iater 

is in good agreement with the assumption ùiat the high SO, content of the hot spring waters is 

due to leaching of marine sedimentary rocks that underlie the Ambitle volcano (see above). The 

6 " ~  value of approximately -2.35 %O lies intermediate between the known rang for marine 

carbonate derived (Welhan, 1988) and mantle derived CO, (Hoefs, 1997). At Ambide, which 

is located on top of the West Melanesian trench, the mantIe-derived CO, may be as heavy as -3 

%G due to a possible contribution from subducted sediments. The value of -3 %O is based on 

work of Poorter et al. (199 l), who reported isotopic compositions of volcanic gases from the 

East Sunda and Banda arcs, Indonesia which is a s i d a  tectonic setiin; on the West side of 

Papua New Guinea. The carbon and hydrogen isotopic compositions of methane (CH3 are 

similar to values reported for abiogenic CH, (Fig. 2-14). Due to the very steep geothemal 

gradient in Tutum Bay, subsurface temperatures are immediately above 100°C which excludes 

bactenal fractionation. In padcular, the distinct enrichment of heavy carbon isotopes leads to 

the conclusion that inorganic process such as the Fischer-Tropsch reaction are responsible for 

the CH, formation (e-g., Botz et al., 1996; Lyon and Hulston, 1984). 

2.4.2 Geothermometry 

Solute geothermometers, such as listed in Table 2-6, provide powefil  tools to estimate 

subsurface conditions. Their successful application bas k e n  extensively discussed in the 

geothermal literanire and relies on five basic assumptions: 1) exclusively temperature dependent 



4 
-HZ- - Transitibn t 

\ a  \ i 
/--- 

- - @ /  

/Mi ', I 
HM---------- i 

Fermentation 
\ 

1 
Atrnosph. 

/ 
0 

\ / - - - 5  \ 
1 - - - @  # C - 

# 
\ - \ 

CH4 
---=,- - \ 

\ - - -/-/ @ - \ ' - ----- Thermal -- 
\ 

O 
5 

- %  
% 

-' Tutum Bay 
\ 
\ 

% 
Z -- -- 
5 

EPR (Weihan, abio 7988) enic 
1 1 n * 

Fig. 2-14 Characterisic isotope fields for CH, formed by different processes ( a e r  Boa et al., 
1996). The compositional field for East Pacific Rise @PR) abiogenic CH, is from Wehan et 

ai. (1988). 



TABLE 2-6 
CALCULATED RESERVOIR TEMPERATURES FOR KAPKAI, WARAlvlUNG 
AND TUTUM BAY VENT FLUIDS 

Thennometer Vent I Vent 2 Vent 3 Vent4 - 1  - 2  Ref.* 

TC TC TC TT. TC T C  

Arnorphous S ilica 
Chalcedony 

Q u m  
Quartz s t e m  loss 

KfM3" 
L M g  
NaL 
NaK 
NaK 
Na-K-Ca 

Note: *References: (1) Fournier (1977), (2) Giggenbach (1988), (3) Kharaka and 
Mariner (1989), (4) Kharaka et al. (1 983), (5) Fournier (1979), (6) Fournier 
(1973). 



mineral-fluid reaction; 2) abundance of the mineral andlor solute; 3) chernical equilibrium; 4) no 

re-equilibration; and 5)  no rnixïng or dilution (Nicholson, 1992). The no mkhg or dilution 

assumption, however, can be circumvented if their extent andfor influence 

Ce-g-, N X )  is known (see above). 

The calculated temperatures in Table 2-6 differ quite drastically. E s  

on solute raîios 

is not surprising 

considering that most problems in the use of geothermometers arise from application co 

unsuitable samples. Different geothermometers, however, record different equilibria and 

disagreement does not immediately eliminate the use of one or the other. Careful application 

and evaluation of calculated temperatures rnay provide important dues  to the overail hydrology 

of the hydrothemal system. 

The temperatures caiculated with the silica geothemometers (Fournier, 1977) are too 

low to represent a reliable estimate of the reservoir condition. This is to be expected in 

pdcu la r  for the samples W-1 and W-2, since these spnngs are fed from reservoirs with 

temperatures in excess of -230°C and have, therefore, lost some of their initial silica due to 

precipitation of quartz, chalcedony, or arnorphous silica during ascent (Fournier, 1985; 

RimsUdt and Barnes, 1980). The application of the silica themorneter to Tuhim Bay samples 

(V-1 to V 3 )  is problematic because they are a mixture of at least two Buids and the 

thermometer is based on absolute silica concentration- 

The quaiity of reservoir temperatures calculated with one of the following 

thennometers: K M g  (Giggenbach, 1988), M m  (Ioiaraka and Mariner, 1989), NaLi 

(Kharaka and Lico, 1982), NalK (Fournier, 1979; Giggenbach, 1988) and Na-K-Ca (Fournier 

and Truesdell, 1973) depends strongly on the equiïbriurn between fluid and host lithology. 

Anainment of reservoir equilibrium has been verified for samples W-1 and W-2 based on their 

relative Na, K and Mg concentrations (e.g., Giggenbach, 198 8). Unfortunately , this method 

cannot be directly applied to the Tutum B ay samples because they have zero-Mg b y definition, 

but equilibrium conditions would apply for Mg concentrations between approxirnately 0.2 and 

2 ppm. Temperatures obtained from the Li/Mg and NaLi thermometers are substantially lower 



than those form the other ionic solute thennometers (Table 2-6). Exchange reactions with Mg 

seem to be expeditious at Iower temperatures and Mg-based thennometers rnay, therefore, 

record the last equilibriurn prior to discharge (e.g., Nicholson, 1992). The low LiNg 

temperature, however, is in contrat with the WMg themorneter. Considering that the relative 

Mg, Na and K concentraùons of W-1 and W-2 indicate deep reservoir equilibriurn, it is rather 

the Li concentration that must have been affected during ascent or at a shallower level. The 

temperature obtahed from WMg, NaK and Na-K-Ca are in good agreement and indicate a 

reservoir temperature of approximately 300°C. Na/K temperatures are slightly lower which is 

to be expected given the slightly penpheral location of the thermal areas. The NaM ratio of a 

hydrothermal fiuid generally increases during lateral fiow (Ellis and Mahon, 1977). The Tuturn 

Bay samples, although mùred with water of a diKerent origin, still cary a signifcant Na/K 

imprint of the deep reservoir. Temperames for vents 1, 2 and 3 are slightly lower, while vent 

4 h a .  identical temperatures to W-1 and W-2 (Table 2-6). This would confirm that the 

discharge from vent 4 has a relatively greater proportion of the deep reservoir fluid (see above). 

The notable disagreement between Tutum Bay and on-land Na-K-Ca temperatures is a result of 

the high pCO, and, therefore, higher Ca concentration in Tuhm Bay fluids. 

The NaLi temperatures obtained for 'Iliturn Bay samples may be representative of 

shallow reservoir conditions that postdate mïxing between deep reservoir and bicarbonate fluid. 

m e n  compared to Mg, Na, Ky Rb and Cs, Li seems so be the element most affected by 

shdlow reservoir processes, but the calculated NaLi temperatures appear to be in good 

agreement with theoretical considerations. Let us consider one more time the process that leads 

to the formation of a CO, or bicarbonate water. kenthalpic expansion of stearn, separated from 

a deeper liquid phase at close to atmosphenc pressure, is accompanied by a drop in temperature 

to about 160°C (Giggenbach, 1997). Bicarbonate waters, formed due to interaction between 

groundwater and this 160°C steam, have generally temperatures in the vicinity of 150°C (e. ,o., 

Cioni and D'Amore, 1984; Hedenquist, 1990). Mixing of this 150°C bicarbonate water with a 

300°C deep reservoir fluid at a ratio of - 9: 1, as obtained from the boron e n g  mode1 (see 



above), leads to a final shallow reservoir temperature of 165°C which is in perfect agreement 

with the calculated NaLi temperatures (Table 2-6). Calculated I3c equilibrïum temperatures for 

the system COaj - HCO,;,, (Friedman and OrNeil, 1977) are also in good agreement with the 

proposed process of Tunim Bay vent water formation. For the 613c range of CO, gas (-2.55 to 

-3.23 %CI) and HCO; (-1 -06 to -2.2 %d temperatures are between 145 and 170°C. 

Assurning equilibration of the gases dissolved in a liquid phase and preservation of 

equilibrium CHJCO, ratios in the samples (Giggenbach and Matsuo, 1991), the CH,-CO, 

equilibrium temperatures are between 257 and 291°C (Table 2-4). Depth of separation. 

therefore, should be ar approximately 1ûûO m, providing that the deep reservoir fluid is on the 

boiling curve. These CH,-CO, equilibrium temperatures are in good agreement with reservoir 

fluid estimates based on the MglLi, NalK and Na-K-Ca solute geothemometers (Table 2-6). 

While there is apparent chernicd equilïbrïum between CO1 and CH,, carbon isotopic 

equilibrium is not attained. This is not surprising considering that equilibration h e  may be as 

long as 20000 years at a temperature of 400°C and 107 years at 300°C (Giggenbach, 1982). A 

temperature calculated with the carbon isotope themorneter of Lyon and HuIston (1984): 

of 488°C is too high to represent reservoir conditions. This temperature m a t  Eely represents 

an earlier equilibrium at greater depth (e.g., B o a  et al., 1996; Lyon and Hulston, 1984). 

2.5 SUMMARY AND CONCLUSIONS 

Compared to seawater, the hydrothermal fluids from Tutum Bay are depleted in 6D7 

6'80, 813C, 8 7 ~ r 7  Cl, Br7 SO,, Na, K, Ca, Mg and Sr and e ~ c h e d  in HCO,, B, Si, Li, Mn, 

Fe, Rb, Cs, Sb, Tl and As. They seem to be dorninantly of meteoric ongin, although they 



discharge in a marine environment Their final chemical composition is the outcome of a nvo- 

or possibly three-step process (Fig. 2-15): (1) Phase separation in the deep reservoir beneath 

Arnbiùe Island produces a high temperature vapor that nses upward and subsequently reacts 

with cooïer ground water to form a Iow pH, CO2-rich water of approdately 150460°C. This 

tluid is highly reactive and pH-Eh sensitive elements such as Fe, Mn, Ca and Sr are leached 

fom the host rock in the shallow reservoir. (2) Caused by the steep topography, this CO,-rïch 

fluid moves laterally towards the ma@ of the hydrothermal system where it mixes with the 

marginal upflow of the deep reservoir fluid. This produces a dilute chloride water of 

approximately 165°C. A third step rnay be the enminment of minor amounts of ground or 

seawater during its fmal ascent. Based on a B-Rb/Cs miüng mode1 it has been estimated that 

approximateiy 10% of the deep reservoû fluid reaches the surface. 

The d e f ~ t e  chemical composition of Tutum Bay vent fluids may be slightly different 

from the values reported in Table 2-2, because of phase separation during ascent fiom the 

shallow reservclir and the Mg-conection for seawater contamination. (Single-step phase 

separation during flashing of a liquid frorn 160°C to 100°C produces approximately 12% 

vapor, which would represent the maximum error for elements that preferentially remain in the 

liquid phase) Thermometry and mixing calculations, however, are not affected, because they 

are based on eIernent ratios rather than on absolute concentrations. 

The ;as phase present in Tutum Bay is predominantly of rna,gmatic/mantle ori,$n with a 

minor contribution from subducted sediments. The total discharge fiom all vents is 

approximately 20 Ys. Carbon dioxide and methane are apparently in chernical equilibrium with 

a liquid phase in the deep reservoir, although I3c isotopic equilibnum has not been attained. 



Fig. 2-15 Hypotheticd cross section through Tutum Bay and the West side of Ambide Island. 

The circled numbers (1, 2 and 3) indicate the approximate location of subsurface mction 

zones: (1) Formation of a steam heated bicarbonate water, (2) gravity driven lateral flow and 

W n g  with marginal upflow from deep reservoir neutral chloride water, and (3) possible 

mixing with seawater near the Ghyben-He~zberg boundary. 



3. THE PRECIPITATION OF HXDROTHERMAL ARAGONITE 

3- 1 INTRODUCTION 

Throughout the geological record several occmences of hydrothennally precipitated 

carbonate minerals have been reported from sedimentary sequences. Recipitation was inferred 

to be from hydrothermally modified meteoric waters (e.g., Derochers and Al-Aasm, 1993) or 

due to venting of methane rich fluids (coId and hot) (e.,a., Hovland, 1990; Kaufman et al., 

1996). The fnngïng reef on the West side of Ambitle Island is the only Jmown present-day 

location where purely hydrothermally-driven carbonate deposition is extensively CO-occdng 

with a naturd biogenic calcifying cornmunity and "normal" marine carbonate cementation. 

Hydrothermal fluids affect adjacent scleractinian corals and the local benthic foraminifera 

population (S witzer, 1997). 

Hand specimens, polished thin and thick sections were examined using standard light, 

cathodoluminescence, and fluorescence rnicroscopy. Several thin sections were stained with a 

mixture of 0.2% hyhchloric acid and 0.2% potassium fem-cyanide to visualize Fe-content. 

Mineral identification was confumed by scanning electron microscope (SEM) analysis and 

powder and singIe-crystal X-ray diffiactometry (XRD). SmaU sample chips were carbon 

coated and mounted on aluminum stubs for SEM andysis on a Cambridge Stereoscan 360 

scanning electron microscope, fully integrated with an Oxford Instruments (Link) eXL-II 

energy dispersive x-ray (EDX) microanalyzer. XRD analyses were performed on a Philips PW 

3710, stepping 0.02 "20 frorn 2-00' to 88.00 '20 using copper x-radiation generated at 45 kV 

and 40 mA. 



The chemical composition of aragonite and calcite was detennîned by micro-beam 

analyses on carbon-coated polished thin sections and buk chemical methods on powdered 

sarnple material. Electron microprobe analyses were performed on a CAMECA SX-50, 

operathg at 15 kV accelerating voltage, 2 nA beam current and ' k m  diameters varying from 

clpm 10 5 p -  The quality of the microprobe data was estimated from calculatecl smctural 

formulae based upon the chemical analyses. Proton microprobe analyses were carried out on 

the Ruhr University, Bochum micro-Pm, on spots of approximately 5 p.m diameter, usinp a 

3 MeV beam @dm et al., 1995) and elernent concentrations were evduated with the GUPIX 

software package (Maxwell et ai., 1989; Maxwell et al., 1995). 

Trace element concentrations in carbonates are generally minor (e.g., Veizer, 1 983) 

and, therefore, below the detection limit of conventional microbeam methods- In order to 

obtain a more detailed chemical and isotopic composition of the hydrothemal carbonate, the 

samples V-2(x), V-2(m), V-3a, V-4.1 a and V-4.2a were separated from coral and or volcanic 

material (eg., Fig. 3-1). For these sarnples major elements were obtained by x-ray 

fluorescence (XRF) and wet chemical methods. As, Au, Br, Hg, Sb, Se and W were 

determineci by neutron activation analyses (NAA). Ag, Cd, Cs, Hf, In, Mo, Nb, Pb, Rb, Ta, 

Th, Tl, U, Y, and Zr were determined by inductively coupled plasma mass spectrometry (ICP- 

MS) and Ba, Be, Co, Cr, Cu, Ni, Sc, Sr, and V were detennined by inductively coupled 

plasma emission spectrometry (KY-ES). XRD, XRF, SEM, ICP and microprobe analyses 

were carried out at the Geological Survey of Canada, NAA was performed by Activation Labs 

in Ancaster, Ontario. Analytical errors are as follows: < 2% for XRD, < 5% for wet chemical 

analyses, É 5% for ICP-ES (except < 10% for Ag, Ba and Sr), < 10% for ICP-MS and - 20 8 

for INAA. In order to assure data qualis. for analyses that were not performed by myself, 1 

always subrnitted blind duplicate samples. 

Carbon and oxygen isotope analyses were performed at the G. G. Hatch Isotope 

Laboratory, University of Ottawa on a aiple collector VG SIRA 12 mass spectrometer. The 



Fig. 3-1 Petrography of hydrothermal precipitates. (a) Photograph O f a large hand specimen 

coIlected from a dead vent in the area of vent 4. A large volcanic boulder embedded in a m a e  

of volcanicIastic sediment, Fe-oxyhydroxide, biogenic carbonate and h y d r o t h e d  aragonite. 

The Fe-oxyhydroxide Lined opening on the Iower ri@ (arrow) used to be a channel for the 

hydrothemd Buid. @) Photograph of a s2ab from the above hand specimen. The hydrothemd 

fluid channel is now to the left and the Fe-oxyhydroxide has already been removed for 

chernical and isotopic analyses. This sarnple clearly shows the change (arrow) frorn coarse 

(Iight gray) to fine grained (bright white) aragonite. 





routine precision was tested using an intemal standard and is O. 1%~ for carbon and oxypn. AU 

results are reported in standard delta (6) notation in per mil (%c) units, relative to the PDB 

standard for carbon and relative to VSMOW for oxygen, unless othenvise noted. " ~ r / ' ~ ~ r  

were meêsured on a five collecter Finnigan MAT 262 solid source rnass spectrometer at the 

Instinit für Geologie, Ruhr Universitat, Bochum following Buhl et al. (199 1) and Diener et al. 

(1996). The average of 100 repeat meanirements for the NBS 987 standard was 

0.7 lOZkO.000008. Six samples (V-2(x), V-2(m), V-4.1 (x), V-4. l (m), V-4.3 (x), V-4.3 (m)) 

for 0, C and Sr isotope analyses were taken by micro-drilling to sùlow for a direct cornparison 

between fuie grained and coarse grained aragonite within one sample. 

Temperature and salinity of fluid inclusions were determined using a Fluid h c  gas-flow 

heatinglfieezing stage. Geochemical calculations were canied out with the cornputer programs 

SOLMINEQ, GEOCEMIST' S WORKBENCH and PHREEQC (Parkhust, 1995). 

A complete Iisting of all carbonate samples and shoa description is presented in Table 

3-1. The precipitation of hydrothermal carbonates in Tutum Bay is not restrïcted to, but mainly 

occurs in the immediate viciniq of vent sites. Throughout the bay hydrothermal fluids seep 

slowly through the sedoor  and cause precipitation of aragonite in intergrandar spaces in the 

bottom sediment or in open spaces in the skeletons of dead cor& (Fig. 3-2). The bulk 

precipitation, however, is in the proximity of the four vent sites (Fis 1-2). There aragonite 

forms isopachous nms, monornineralic layers and splays of euhedral (pseudohexagonal) 

crystals that encrust dead corals and volcaniclastic boulders and pebbles (Fig. 3-1). The growth 

direction of individual crystals is paralle1 to each other and normal to their substrate and they 

can be up to 2 cm long. Crystals are generally terminated by scdoped surfaces that do not 

represent the intemal structure and an abrupt change of crystal habit and size (Fig. 3-3). The 



TABLE 3-1 
DESCRIPTTON OF TüTUM BAY HYDROTEEWAL CARBONATE PECTPITATES 

Sample Location Description X R D  
analyses 

V-LA 

v-73 
v-2E 

V-3A 

FV-3B 

V-4-1 A 

V-4.1B 

V-4.2A 

V-42B 

v-4.3 

FV-4A 

FV-4B 

FV-4C 

v-2 (x) 

V-2 (m) 

v-4.1 (x) 

Vent 1 

Vent 2 

Vent 2 

Vent 3 

Vent 3 

Vent 4 

Vent 4 

Vent 4 

Vent 4 

Vent 4 

Vent 4 

Vent 4 

Vent 4 

Vent 2 

Vent 2 

Vent 4 

V-4-1 (m) Vent 4 

V-4.3 (x) Vent4 

V-4-3 (x) Vent 4 

white micritic carbonate mamX in open spaces between 
volcanic sedirnent 
hydrothemal carbonate big clear crystds (Fig. 3-3) from 
massive layers in the vent orifice 
hydrothemal carbonate smalI white crystal ends on top of 
V-2D (Fia- 3-3) 
white micritic hydrothermal carbonate matrix with some 
bigger euhedral-crystals where space available (Fig. 3-2) 
dead coral fiagrnent (Fig. 3-2) 

white micritic hydrothemal carbonate on top of bigger 
crystaIs and below Fe-oxyhydroxides (Fig. 3- 1) 
big ~lear/~oray euhedral aragonite crystals (Fig. 3-1) 

big cleadgray euhedral aragonite crystals 

fme grained Fe-calcite cmst on top of V-4.2A 

altemathg layers of coarse and fme grained aragonite 

big (up to 2 cm) ~Iear/~gay euhedral aragonite crystals 

fine graïned portion of FV-4A 

fine grained Fe-calcite cmst (Fig. 3-4) 

micro-dnlled sample of coarse aragonite from sample V I  

micro-ddled sampIe of fine gained (micritic) aragonite 
from sample V-2 
micro-ddled sample of coarse aragonite from sample V- 
4.1 
micro-drilled sample of fine gained (micritic) aragonite 
from sample V-4.1 
micro-drilled sample of coarse aragonite from sample V- 
4.3 
micro-drilled sample of fine gained (micritic) aragonite 
from sam~le  V-4.3 

aragonite 

aragonite 

aragonite 

aragonite 

aragonite 

aragonite 

aragonite 

aragonite & 
calcite 

aragonite 

aragonite 

d c i t e  

aragonite 

aragonite 

aragonite 

aragonite 

aragonite 

aragonite 



Fig. 3-2 Petrography of hydrotherrnd precipitates. (a) Photogaph of a hand specimen 

collected near vent 2. Poorly sorted rounded to subrounded sand to pebbIe sized volcaniclastic 

sediment cemented by hydrothennal aragonite (white); with almost complete ffing of primary 

pore space by aragonite. Some volcanic fia-ments show centnpetaI alteration zones. (5) 

Photomicrograph with crossed polars of a scleracbnian coral skeleton. Hy drothermal aragonite 

(arrow) is startinp to occlude open spaces. In plain light or at a slightly different crossed polars 

serting it is almost impossible to disting-uish between coral and hydrothermal aragonite. The 

scale bar is 10 p.m. 





Fig. 3-3 Petrography of hydrothermal precipitates. (a) Photograph of euhedral, pseudo- 

hexagonal coarse aragonite (gray) and fine grained aragonite (white). Crystals grow 

approximately normal to the volcanic1astic substrate. (b) Photomicrograph of two pseudo- 

hexagonal aragonite crystals and radiating fme gained aragonite (feather dendrites). The 

feather dendrites are tenninated by a thin layer of Fe-oxyhydroxide. The two spots where 

proton microprobe analyses were perfonned are indicated by squares. The scale bar in the 

lower left represents 200 pm. 





irrebda,rig of crystal tops may indicate episodes of dissolution (e.g., Jones and Renaut, 

1996). 

Microcrystalline (0.1 mm) ferroan, low-Mg calcite (Fe-calcite) occurs as crusts most 

comrnody intedaminated w ith Fe(m) oxy hydroxides (Fig . 3-4). From microsco pic 

observation alone it is unclear if the Fecalcite is directiy precipitated or a replacement of 

aragonite. Tt was not possible to separate enough Fe-calcite for bulk chernical analyses and 

even the marerial separated for isotope analysis may be slightly contaminated with aragonite. 

Based on macroscopic, microscopie and XRD observations it has been estimated thac the 

abundance of Fe-calcite is < 1% of the total amount of hydrothemal carbonate in Tutum Bay. 

3.4 RESULTS 

3.4.1 Chernical composition 

Except for Y and Si (Table 3-2 and 3-3), aragonite shows no anomalous concentrations 

of trace elements and values are as for normal marine abiotic aragonite (Veizer, 1983). In 

contrast, ferroan, Iow-Mg calcite has unusudly low Mg concemations relative to Sr when 

cornpareci to other marine calcite cements and si,Micantly higher Fe and Mn than Tuhm Bay 

aragonite (Fi;. 3-5, Table 3-3). Relative to micro-crystaLLine aragonite (V-2(m)), coarse 

aragonite (V-2(x)) is slightly enriched in Ca, Ba, Ga, Pb, Ta and Y, and slighùy depleted in 

Fe, Mn, Rb, Th and Zr. The concentration of these elements is close to their respective 

detection limits. Thus these values are sirbject to an increased analytical enor and actuai 

dzerences are likely very small. For Ca, Sr, Fe and Mn, however, the difference could be 

verified by proton probe analysis (see Fig. 3 -3). Analysis of the coarse aragonite (V-2(x)) by 

proton probe yielded the following concentrations: Ca 360000 pprn, Sr 11000 ppm, Fe 80 ppm 



Fig. 3-4 Petrography of hydrothermal precipitates. (a) Photograph of a hand specimen fiom 

vent 4. Volcaniclastic sedirnent cemented by hydrothermal =onite is covered by a very thin 

yellowish layer of Fe-calcite. @) Photomicrograph of alterna- larninae of Fe-oxyhydroxide 

(upper arrow), ferroan calcite (dark gray to blue), and aragonite (yeliowish white) cementing 

volcanic clasts. Calcite may be partially replacing aragonite at the border between them (lower 

arrow). For scale, the lena& of the lower arrow represents approxirnately 4 mm. 





TABLE 3-2 
MNOR, MINOR AND TRACE ElXMENT COMJ?OSIrf?:ON OF SELECTED TUTUM BAy 
HYDROTHERMAL CARBONATE PRECIPrrATES 

- -- 

Sample - Unit V-2.D V-2E V-3A V-4.1A V-4.2B 

sio, 

Total 



TABLE 3-3 
REPRESENTAm E L E m O N  MICROPROBE ANALYSES FOR 
HYDROTHERMAL PREClPrrATES 

Sample EV4A FV-4A FV-4A FV-4A 

Mineral Aragonite Aragonite Calcite Calcite 

Cao 
M@ 
Fe0 
Mn0 
Sr0 
Ba0 
Zn0 
soj 

Note: AIl analyses are reported in wt% 



Tutum Bay 
ferroan calcite 

Fig. 3-5 Strontium concentrations in fenoan calcite are higher than expected relative to Mg 

when compared to the average (black h e )  and general range (stippled area) of Sr 
concentrations in marine low-temperature abiotic calcite (Capenter and Lohrnann, 199 1). 



and Mn 50 ppm, while V-2(m) had lower Ca (340000 ppm) and Sr (12000 ppm) and higher Fe 

(100 ppm) and Mn (80 pprn). 

North Amerïcan Shale Composite (NASC) norrnalized rare earth element (FEE) 

concentrations for hydrothermal aragonite are presented in Fig. 3-6. The pattems of samples V- 

2 and V-3 show an initial drop from La to Ce, followed by a rise from the Ce minimum to an 

Eu maximum and a constant decrease towards a Lu rninllnum- From La to Tb the pattem 

geomeey closely resernbles that of the parent hydrothermal fluid (Fig. 3-6a, b). The 

- hydrothermal fluid pattern has a sm& increase in Dy before it decreases towards an 

intemediate Lu. The patterns for coarse and micro-crystalline aragonite in sarnple V-2 are 

efiectively the same, except that the coarse aragonite shows significantly higher concentrations- 

The hvo samples -fiom vent 4 are different and more closely resemble the pattern of the parent 

hydrothermal fluid (Fip. 3-6c). REE concentrations initially &op from La to a Ce minimum 

which is followed by a rise to a Eu (V-4.2) or Dy (V-4.1) rnaxirnum and a slight decrease 

towards Lu. 

3.4.2 Isotopic composition 

C and O isotope values of aragonite crystals and Fe-calcite are plotted in Fig. 3-7. 

Collectively, 6180 and 6 " ~  values are more negative than those expected for abiotic aragonite 

precipitated at low (25 OC) temperatures characteristic of shallow-water, aopical settings (Fig. 

3-7b). 6I3c values, however, are within the ranges expected for marine carbon (Anderson and 

Arthur, 1983) and slightly higher than for abiotic aragonite from Lake Tanganyika mat is 

interpreted to have incorporated hydrothermal CO, (S toffers and Botz, 1994). Ferroan calcite 

has an oxygen isotope composition similar to those of aragonite samples, but its 6 " ~  value is 

depleted relative to aragonite by about 1%. This is near to the shift predicted and observed 

between low-temperature aragonite and Mgcalcite cements (Gonzalez and Lohmann, 19 85). 

The 8180 value of a scleractinian coral that was dead at the time of sampling, is distinct from 



O V-2 (m) m 
vent water 

Fig. 3-6 North Amencan Shale Composite (NASC) (Haskin et al., 1968) normalized rare earth 

element (REE) plots for hydrothermal aragonite precipitates fiom vents 2, 3 and 4. REE 

concentrations for vent waters (Fig. 2-6) are multiplied by 106 and the values for Tm and Lu 

are interpolated and extrapolated. 



ferroan calcite 

fragment 

LTA 

Fig. 3-7 Carbon and oxygen isotope values for abiotic aragonite, coral aagonite, and fenoan 

calcite at Ambitle Island. (a) Tuturn Bay aragonite data only . (b) Cornparison between Tutum 

Bay aragonite, ferroan calcite and other carbonates. Sources for other data are as follows: 

hermatypic corals (HC) flucker and Wright, 1990); low temperature angonite (LTA), 

experimentdy determined (Tarutani et al., 1969); aragonite (A) and Mgcalcite (MgC) cements 

(Gomalez and Lohrnann, 1985); and Lake Tanganyika hydrothermal aragonite (LTC) and Mg- 

calcite (Stoffers and Botz, 1994). 



the value of encrusting microcrystalline aragonite and f d s  just below the lower limit of the 

field defuied by hermatypic corals (Fig. 34%). 

A closer look at the sarnples tbat were collected by micro-drilling reveals that mi-cro- 

crys-e and coarse-cryaalline aragonite have a slightly Merent  isotope signature. Micro- 

crystalline aragonite has Iighter 61S0 anci 6 ' ) ~  (Fig. 3-8), but a higher "Wg6sr flable 3-4). 

Assurning isoropic equiIibrium, the lighter 6% and 6I3c values would indicate that the micro- 

crysralline aragonite precipitated either at higher temperatures or fiom a dis~ctively lighter 

fluid. 

87 srS6sr values for hydrodiemid aragonite are similar to values for submarine volcanic 

rocks that were dredged -2 km southwest of Tutum Bay (Johnson et al., 1988) and to volcanic 

rocks collected on the island (M. Perfit, 1997 pers. comrn.) (Fig. 3-9). Skeletal aragonite of a 

dead scleractlnian cord, however, has a value intemediate between values of oceanic cmst and 

modem seawater (Table 3-4 and Fig. 3-9). This intermediate "srS6sr  value is caused by 

precipitation of hydrothermal aragonite in the coral skeleton afier its demise (Fig. 3-lb). 

3 -4.3 Fluid inclusions 

Few fluid inclusions appear within aragonite crystals, and no meamrable inclusions 

were found in Fe-calcite. Inciusions are elongate (5-10 p) and onented parallel to the 

crystal's c-ais. Frorn three crystals, six inclusions have high liquid to vapor ratios, no 

daughter products, and define homogenization temperature range of 80 - llO°C. These values 

are similar to field measurements (see above). Freezing experiments show ice-melting 

temperatures between -2.5 and O OC. Eutectic temperatures could not be deterrnined. 



Fig 3-8 8I3C and #'O plot for micro crystalline and coarse crystalline aragonite. The arrows 

indicate the temperature trends for equilibriurn precipitation. Based on equilïbriurn fiactionation 

calculations (Friedman and O'Neil, 1977), the lower 6180 and 6I3c values suggest 

precipitation at higher temperature. 



TPiBLE 3 4  
ISOTOPIC COMPOSlTION OF H Y D R O T H E m  ARAGONITE AND IRON-CALCITE 
FROM TUTUM BAY 

6180 (VSMOW) S1'O (PDB) 6I3C (PDB) 8 7 ~ r / 8 6 ~  r Mineral 
%O %O %O r 2 Standard Errors 

V-2.D 14.57 -15-85 2.26 0,704142 k13 aragonite 
V-2E 
v-72D 
V-3A 
V-4.1 A 
V-423 
W4A 
FV43 
Fv-4c 
V-3 (x) 
V-2 (m) 
v-4.1 (x) 
V4.1 (m) 
V-4.3 (x) 
V-4.3 (m) 
FV-4B 

aragonite 
aragonite 
aragonite 
aragonite 

aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
aragonite 
Fe-caIcite 



/ 
modem se 

oceanic crust & 

Ambitle volcanic rocks 

modem reef 
corals 

micritic aragonite 
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e 
-\ 

coarse aragonite 

Fig. 3-9 "sr/ 8 6 ~ r  ratios for abiotic aragonite crystai, crust, and coral aragonite. Samples of 

crut  and cord are from the same hand specirnen. Heavy stippled area is present-day seawater, 

and lighter stippled area is an approximate range of seawater compositions through 

Phanerozoic times. Sources for volcanic rock are fiom Hoefs (1997) and M. Perfit (pers. 

cornrn., 1997). 



3.5 DISCUSSION 

The przcipitation of a carbonate phase from solution is primarily controL1ed by pC02, 

pH, temperature, ion activity and microbial activity. These factors are closely related and they 

often compete with each other. The formation of travertine deposits in CO1-rich springs, for 

example, is a result of CO, degassing due to a drop in pressure. At the sarne tune, however, 

coohg of the spnng water rnay increase carbonate solubility and whether precipitation takes 

place is detemiined by the respective intensity of the cornpethg processes. Hydrothemal fluids 

in Tu- Bay are CO,-rich (pCO, > 2 am) and either boiling or are close ro boiling as they 

enter seawater; this combined with a drop in pressure causes a rapid loss of CO,. Mùllng with 

seawater causes. a &op in temperature and an increase in pH, the latter favoring carbonate 

precipitation. To m e r  investigate the precipitation process it is necessary to assess the 

arnount of mixing between hydrothemal fluid and seawater pnor to and during precipitation. 

' ' ~ r / ~ ~ s r  ratios are a widely csed tracer in rnÎxing processes (Faure, 1986). The mass 

difference between the two snontium isotopes, "sr and %r, is too small to cause a 

measurable fhctionation during precipitation. Thus the " ~ r / ' ~ ~ r  ratio in aragonite c m  be used 

as a direct measure of its ratio in the parent fluid. ''~r/'~Sr values in hydrothermal aragonite 

indicate rhat some mixing with seawater occurs during its precipitation (Fig. 3- 1 0). Assurning 

seawater and hydrotherrnal fluid to be 30°C and 10û0C, respectively, the temperature of the 

mixture can be calculated with the mass balance equation: 

where t is the temperature in OC and y is the seawater fraction. The calculated maximum 

seawater hction is Il%, which corresponds to a maximum temperature drop by 

approximately 7°C to 93°C. The corresponding maximum change in pH is about 0.2 units. The 



Fig- 3-10 Mixing cuve between the hydrothemal fluid and seawater endmember (Table 2-5) 

based on "Sr/ 8 6 ~ r  ratios and 6180 values. The cuve  was calcdated following Faure (1986). 

The open triangles represent actualiy measured %/%r and 6"0 in hydrothermal fIuids. 



calculated extent of mixing, although very small, may prevent precipitation if one of the mixing 

partners is drarnatically undenanirated with respect to calcium carbonate. In Tutun Bay, 

however, both seawater and hydrothemal fluid are supersaturated with respect to calcium 

carbonate and the relatively elevated activity of Ca2' in seawater may actually be the trigger thai 

initiates nucleation (Dandurand et ai-, 1982). 

Microbid activity c m  greatly enhance the precipitation of carbonates in wm-springs (t 

< 70°C) (e-g., Fok,  1994), but the temperatures of Tutum Bay vents are probably too high to 

allow for extensive microbial activity and precipitation should be controlled mainly by 

inorganic factors. 

Of the factors that control precipitation in rnost on-land hot-springs and in Tutum Bay, 

CO2 degassing is arguably the single most important (e.g., Dandurand et al., 1982; Renaut and 

Jones, 1997; Simmons and Christenson, 1994; Usdowski et al., 1979). CO, degassing 

increases the pH and subsequently increases supersaniration, leadhg to the precipitaîion of 

calcium carbonate: 

The hydrothermal carbonate in Tunirn Bay is almost completely in the form of aragonite 

which is surpnsing considenng that the parent hydrothermal fluid is slightly more 

supersaturated with respect to calcite (SI-, = 0.65 and SImg,,, = 0.55). The formation of 

either aragonite or calcite is still poorly understood, but it is clear that no single fluid parameter 

is likely to be the sole or dominant control in natt.mil environments (Burton, 1993)- 

Precipitation of aragonite rather than calcite is a common process in tropical 

shallow-water submarine environments (Tucker and Wright, 1990). In hydrothermal systems, 

however, calcite is the prirnary carbonate precipitate, and the presence of aragonite is usually 

attributed to rapid precipitation rates, elevated Mg/C& and stabilizing effects of Ba, Sr and 

possibly Mg on the orthorhombic crystal structure (Browne, 1973; Folk, 1994). Folk (1994) 



suggested that aragonite is the preferential precipirate relative to calcite in hot springs at 

temperatures > 40°C or with a mMg/mCa of > 1 at temperatures below 40°C. MgCa ratios in 

Tuhm Bay vent fluids are rather low, but temperatures are > 40°C and precipitation rates, 

although-unknown, should be high considering the amount of CO, released. The alternation 

between aragonite and calcite in hot spring traveaine at Lake Bogoria, Kenya (Renaut and 

Jones, 1997), for example, has been amibuted to pCO, and precipitation rate. There MgCa 

ratios are also low, but precipitation of aragonite is favored under conditions of high pCO, and 

rapid precipitation. The change in minerdogy at Lake Bogoria is accompanied by a change in 

crystal habit and size (Fig. 3 in Renaut and Jones, 1997) from coarse crystalline aragonite to 

fme gained calcite (feather dendrite). The same change in crystal habit and size can be 

observed in Tutum Bay aragonite (Fig. 3-3), but without any change in mineralogy. Relatively 

higher ' ' ~ r / ~ ~ ~ r  ratios in the fme grained portion Fable 3-4) may indicate a higher seawater 

fraction during its precipitation, thus leading to a lower pCO, and, therefore, lower 

precipitation rate. Slightly more oxidizing conditions, also indicative of a higher seawater 

fraction, may be hinted at by relatively higher Fe and Mn concentrations in fine gained 

aragonite (PIXE analysis and Table 3-2). 6180 and 613c equilibriurn temperatures, however, 

are higher than those for the bigger crystals (Fig. 3-8), an observation at odds with the 

advocated higher seawater fraction. For an explanation of thÏs eni,pa see the next section. 

The change in mineralogy fiorn aragonite to fernoan calcite probably signals an abrupt 

change of physical and/or chernical conditions at and near vents. Replacement of aragonite by 

Fe-calcite during Urnes of no direct precipitation is possible, but there is no clear evidence for 

either the Fe-calcite replacing the aragonite or for its direct precipitation from the hydrothemal 

Buid. A very drastic change in temperature can account for the change in mineralogy. In a 

compilation of data from several hot springs, Folk (1994) has shown that aragonite is the 

preferential precipitate relative to calcite at temperatures > 40°C or wiih a mMglmCa of > 1 at a 

temperature of < 40°C. Relative s?' and MC concentrations in ferroan calcite are anomdous 

compared îo "nomal-marine" shallo w-water abiotic cements (Fig . 3-5) (Carpenter and 



Lohmann, 1993). Two factors may be important- First, an elevated Sr distribution coefficient 

may arise adjacent to the vents due to increased temperanire (Lorens, 198 1). Second, Sr rnay 

be retained durhg local aragonite replacement by calcite ( e g ,  Sandberg, 1985). 

The generally low mce element concentrations in hydrothermal aragonite are as 

expected for orthorhombic carbonates (Speer, 1983; Veizer, 1983). This results fiom their low 

distribution coefficients and Iow concentrations in the hydrothermal fluid (Table 2-1). Among 

the processes that directly incorporate minor and trace elements into orthorhombic carbonate 

minerais, substitution for Ca in the CaCO, structure is the most important. Incorporation is 

senerally limited by the necessary charge and the size of the metai cation and, therefore, 

aragonite preferentially incorporates avalent cations larger than Ca (Speer, 1983). Despite the 

charge difference (except for  EU^'), rare earth elements (REES) in Tuhun Bay hydrothermal 

aragonite are also highly concenaated relative to the vent fluid (Fig. 3-6). The REE pattern for 

samples V-2 and V-3 clearly demonstrates the ionic radius dependence for substitution in the 

orthorhombic structure. The concentration of REEs with ionic radii larger than or similar to Ca 

(La to Tb) is controlled by their concentration in the hydrothemd fi uid, while those with ionic 

radii smder  than Ca (Dy to Lu) are relatively depleted (Fig. 3-6% b). The difference in pattern 

gometry between the above mentioned samples and those from vent 4, V-4.1 and V-4.2 (Fig. 

3-6c) is eni,gnatic and cannot be conclusively explained. The Pace of precipitation and subtle 

differences in fiuid chemisny, pH and redox potential, however, may account for the observed 

disagreement. The obvious difference in concentration and the slight difference in pattern 

geometry between the coarse crystdine (V-2 (x)) and fine crystalline aragonite (V-2 (m)) (Fig. 

3-6a) is probably a result of seawater rnkhg during precipitation (see above). The addition of 

small amounts of seawater may be sufficient to change precipitation rate and to affect the 

cornplex stability of the heavy REES, resulting in lower total concentrations and in a flatter 

slope between Eu and Lu. 



3 -5- 1 Isotopic Equilibrium - Yes or No? 

Attainment of isotopic equilibrium between a hydrothermal precipitate and its parent 

solution is a prerequisite to the application of any isotope geothemorneter. The reconstnicûon 

of physico-chernical conditions in fossiI hydrotherrnd systems cari be aided by analyses of 

6180 and 613c in carbonate minerals (e.g., Ohmoro and Rye, 1979; Simrnons and Chnstenson, 

1994), although the existence of isotopic equilibrium is uncertain. Modem hot spring 

travertines provide naturai laboratories to snidy isotope systematics and to assess equiliirium 

conditions. Several snidies (e-g., Arnundson and Kelly, 1987; Dandurand et al., 1982) found 

that carbonates were not in F1'O equilibnum wiih the parental waters, while at the same tirne 

6°C equilibrium between CO, and carbonate was attained. 

Followinp Friedman and 07Neil (1977), and assuming isotopic equilibrium, a . 

precipitation temperature of approximately 78OC was calculated for the hydrothermal fluid using 

the mean gl'O of aragonite (14.5%) and hydrothermal fluid (5.1%). In the absence of any 

fractionation factor for abiotic aragonite at temperatures above 40°C, the calcite-water 

fractionation factor from Friedman and OYNeil (1977) was used because the merences 

between these two fiactionation factors appear to be i n ~ i , ~ c a n t  above 30°C (Anderson and 

Arthur, 1983). The possible range of temperatures is shown in Fig. 3- 1 1 (Area A). These 

temperatures are Iower than those estimated from " ~ r l ~ ~ s r  muùng calcuIations by about 18°C 

(Fig. 3- 1 1, A r a  C). Based on " ~ d ~ ~ s r  ratios, the arnount of seawater present during 

precipitation of aragonite ranged from approxirnately 3 to 1 18. Assumùip seawater and 

hydrothermal fluid to be 30°C and lûû°C, respectivzly, the temperature of the mixtures and, 

hence, the possible range of precipitation temperatures cm be calculated. These temperatures 

range from 92 -3 to 97.g°C corresponding to a 6180 of approximately -3%0 in the hydrothermal 

fluid. This value is at odds widi the measured hydrothermal fluid 6180 (Table 2-5). 

Some of the discrepancy between the 6180 and the 8 7 ~ r 1 8 6 ~ r  precipitation temperatures 

c m  be explained by the inverse effect of seawater mixing. On one hand, W n g  with ambient 



Temperature OC 

Fig. 3-1 1 PLot of 6180 equilibrium temperatures in the system calcite-&O. The curves (solid 

lines) represent the calculated isotopic composition of calcite in equilibrium with water of -3, 

-4, -5 and -6 %O as a function of temperature using the fractionation factors from Friedman and 

07Neil(1977). The dashed curves represents the range of 8'0 in Tutum Bay vent waters. The 

stippled area A represents the possible range of isotopic equilibrium for Tunim Bay 

hydrothemal aragonite. The stippled area B represents the possible range of isotopic 

equilibrium for the maximum seawater component during precipitation (see the text for more 

explanation). The stippled area C represents the expected range of isotopic equilibrium and 

6"0 of the hydrothermal fluid based on temperatures derived from mixing considerations for 

"~r / '~sr  (see the text). 



seawater cools the hydrothermal fluid, while on the other addition of ''0 Ieads to the 

calculauon of higher precipitation temperatures. For example, aragonite with a 6''0 of 14%0 is 

in equilïbnum with water of -6 and 4%0 at -73 and -91S°C, respectively (Fig. 3-1 1). If the 

maximum arnount of seawater is added, the 6% of the hydrothermal fluid increases to 

approximately -4.5%0 (Fig - 3 -  10) which results in precipitation temperatures between 80.5 and 

85°C (Fig 3-1 1' Area B). This temperature range, although higher than the pre-mixing 6''0 

equiiibrium temperatures, is still too low compared to the ?3rf6sr rnixing temperatures. 

The 6I3c calcite-CO geothermometer has been successfully applied in many studies of 

hydrothermal ore deposits and temperatures of precipitation can be determined within r20aC 

(Ohmoto and Rye, 1979). The calcite-CO2 geothermometer has the advantage that mïxing with 

arnbient seawater c m  be neglected due to the immense concentration difference. EquiLibrium 

temperatures were evaluated using two different data sets, (1) the theoretical computations by 

B o b g a  (1968) and (2) those by Chacko et al. (1% 1). At high temperature (>3ûûQC) both data 

sets are in good agreement, but below 300°C their fractionation factors become increasingly 

different with decreasing temperature (Fig. 3-12 and Fig. 5 in Chacko et al. (199 1)). 

EquilibrÏurn precipitation temperatures for the range of Tunim Bay CO2 are 82 to 9 1 OC and 87.5 

to 98°C for the fractionation factors from Chacko et al. (1991) and Bottinga (1968), 

respectively (Fig. 3-12). Both temperature ranges are larger than those based on PO, but they 

are in better agreement with the " ~ r / ~ ~ ~ r  W n g  temperatures. The 613c temperatures 

calculated with the fractionation factors from Bomiiga (1968) are identical to those obtained 

from 8 7 ~ r / 8 6 ~ r  mixing calculations (Fig. 3-12b), wWe those using the fractionation factors 

from Chacko et al. (199 1) are lower but closer to the 6180 temperatures (Fig. 3-1 2a). 

Seawater mixing during precipitation may explain the apparent increase in temperature 

between coarse and micro crystalline aragonite (Fig. 3-8). Precipitaîion rate is not a factor 

because it has no influence on the oxygen isotopic composition of purely inorganic carbonates 

(Kim, 1997; Tanitani et al., 1969). The difference in 6 " ~  on the other hand may be caused by 



Temperature OC 

Temperature OC 

Fig. 3-12 Plot of 613c equilibrium temperatures in the system calcite-CO, (a) based on data 
from Chacko et al. (199 1) and @) based on data from Bottinga et al. (1 968). The cuves (solid 

lines) represent the calculaîed isotopic composition of calcite in equilibrium with CO, of -1, -2, 

-3 and -4 %I as a function of temperature. Diamonds represent 6180 equilibrium temperanires. 



a change in precipitation rate. Romanek et al. (1992) noted a small positive reiationship 

between precipitation rate and fractionation factor at 40°C. 

The temperanires obrained from isotope geothemometry are in good agreement with 

those fiom M d  indusions and those measured in the field (TâNe 2-1). Similar to observations 

from onland hot springs (e-p., Amundson and Kelly, 1987; Dandurand et al., 1982), it seems 

that in Tiitum Bay the aragonite precipitated in 613c equilibrium with CO,, while 6180 

equilibrium with water was apparently not attained. However, the bottom line is that once the 

6Ig0 values are corrected for seawater mixing, the difference between minimum and maximum 

precipitation temperature is ordy about 10°C. This difference in calculated equîlibrïum 

temperature is siuprisingly small considering the dSiculties associated with obtalliing accurate 

isotope fractionation factors under laboratory conditions (e.g., Chacko et al., 199 1; Kim, 

1997; Romanek et al., f 992). 

3.6 GEOLOGIC IMPLICATIONS OF HMSR0TKERMA.L CARBONATE 

PRECIPITATION 

3.6.1 Implications for diagenetic processes 

Carbonate diagenesis encompasses the chemicai, physical and biologic changes that a 

sediment has undergone after its initial deposition up to the realms of incipient metarnorphism. 

It includes six major processes: cementation, rnicrobial micritization, neomorphism, 

dissolution, compaction and dolomitization (Tucker and Wright, 1990). Hydrothermal activity 

present in a carbonate depositional environment, such as the coral reef at Ambitle Island, 

directly affects cementation, neomorphisrn and dissolution. 

With regard to reef growth and reef preservation, cementation is the most important, 

and certainly the most studied diagenetic process (Tucker and Wright, 1990). Ambide Island is 



the only known location in which purely geochemically-driven carbonate deposition is 

extensively CO-occumng with a naniIIiI biogenic calcifying col~l~llunity. Carbonate minerais, 

cements a d o r  hydrothemal precipitates, fiom this unique environment are different fiom 

carbonate rninerals found in on-land hot spnngs and normal reef environments. 

Relative s?' and MC concenûations in ferroan low-Mg calcite are anomalous 

compared to "normal-marineN shallow-water abiocic cements (Fig. 3 4 ) .  In contrast, most 

present day carbonate cernents consist mainly of high-Mg calcite, whereas the cernents that 

accumulate around the hydrothermal vents near Ambitle Island are composed of aragonite and 

Iow-Mg calcite whic h renders their interpretation in a classical sense impossible. Studies of 

ancient skeletal carbonates that may have accumulated near hydrothermal vents (e.g., Von 

Bitter et al., 1990) need to carefdly establish temporal and spatial relationships to prove 

coexistence of abiotic and skeletal carbonate. 

Another diagenetic process that is directly affected is neomorphisrn. Neomorphism 

describes processes of replacement and recrystallization with a change in mineralou and 

increasing crystal size (Folk, 1965). As a result, although gologically not very likely, the big 

crystals of hydrothermally precipitated aragonite (Fig. 3-2, 3-3) could be interpreted as 

recrystallized calcite, although exactly the opposite may be the case; ferroan calcite replaces 

aragonite (Fig. 3-4). 

3.6.2 Implic~tions for petroleum exploration 

Although the formation and preservation of primary and secondary porosity in 

carbonates is closely controlled by diagenetic processes such as cementation and dissolution, it 

is mentioned separately because of its immense importance for petroleum exploration and 

recovery. Porous limestone and dolomite contain about 50% of the world's known reserves of 

oil and gas (Choquette and Pray, 1970). Cretaceous carbonate platforms alone contain 

approximately 168  of the world hydrocarbon reserves (EClernme and Ulmishek, 199 1). The 



main factors in evaluating carbonate reservoirs are lithofacies, pore types, shelf setting, 

sequence stratigraphy and diagenetic overprint (Jordan and Wilson, 1994). Cementation and 

dissolution mechanisrns in a hydrothemdIy influenced carbonate environment are most likely 

different' fiom those expected under non-hydrothermal conditions. 

The formation and preservation of primary porosity in carbonate platforms that were 

subject to "normal" depositional and diagenetic processes are fairly well understood and, as a 

result, the inner shelf, outer shelf and slope are the prime petroleum exploration targets (Jordan 

and Wilson, 1994; Roehl and Choquette, 1985). The occurrence of hydrothermal activity, 

however, is not confimed to any one location within a reef complex and subsurface processes 

may completely change the reef hy drogeology (O berdorfer and Buddemeier, 19 85) relative to 

non-hydrothermal settings. Consequently, early occlusion of pore space may have occurred in 

areas that are generally thought to have high primary pore space (Tucker and Wright, 1990). 

The fmal porosity of a carbonate rock, however, depends on processes following 

deposition, such as the preservation of pnmary and formation of secondary pore space. In 

general, prirnary porosity decreases with increasing depth as a result of compaction and 

cementation, while secondary porosity is due to dissolution. It is of great importance, 

therefore, to assess how much dissolution is produced at depth (MazzuUo and Hamis, 1992) 

and to know the chernical composition and disaibution of various pore fluids in the subsurface 

(Jordan and Wilson, 1994). The degree of carbonate solubility in a water rock system is 

controlled by a variety of factors (Fig. 3-13), of which most are directly irnplicated by the input 

of hydrothermal fluids. As a resuIt of high hydrostatic pressure, hi@ pCO, and low pH at 

depth, carbonate rninerals are easily leached from the country rocks and transported upwards 

with the hydrothermal fluid (increasing pore space). At a later stage, higher in the stratigraphy, 

pCO, and pH will change drdrasticdly due to fluid boiling andior m k h g  with seawater, 

subsequently leading to precipitation and occlusion of early pore space. In light of the chernicaI 

composition of Tutum Bay hydrothemal fluids one possible consequence could be a 
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Fig. 3-13 Schematic display of the relationship between various factors that coneol carbonate 

solubility in a water-rock system (after Longman, 1982). 



considerabie porosig transfer fiom stratigraphically older to younger sections already during 

eognetic stages. The bottom line is that thick sequences of carbonate rocks that were exposed 

to hydrothermd fiuids may have increasing pore space with depth - which is in contrast to the 

pneral diagenetic model of porosity decrease with increasing depth (Moore, 1989) . 

3 -6.3 Implications for " ~ r $ ~ ~ r - d a t i n ~  of marine carbonates 

Throughout Phanerozoic time the "sr/%r of marine carbonates has varied between 

0.7067 and 0.7092 and these time-dependent variations have been used to date marine 

carbonates (Burke et al., 1982; Veizer, 1989). Until recently, it has been believed that 8 7 ~ r / 8 6 ~ r  

values in marine carbonates reflect seawater values. At Arnbitle Island, however, carbonate 

minerals precipitaîe in a rnixed seawater-hydrothermal fluid environment and their 8 7 ~ r / 8 6 ~ r  

values are primarily controlled by hydrothemal strontium. This has implications for marine 

carbonates that may have accumulated in a similar environment, if the tirne-dependent 

variations of ' 'srfg6~r were utilized for dating. According to its 8 7 ~ r / 8 6 ~ r ,  the coral aragonite 

from Ambitle IsIand would have an improbable Late Cretaceous age. 

3.7 SlMMXtY AND CONCLUSIONS 

Tutum Bay vent waters are actively depositing substantial amounts of aragonite as 

massive layers of euhedral, pseudo-hexagonal crystals up to 2 cm long and as fine grained 

aragonite (feather dendrite). Pseudo-hexagonal crystals are often terminated by feather dendrite 

(Fig. 3-3). Near vent sites, pnmary pore space in volcaniclastic sediment and in skeletons of 

dead corals is almost completely occluded by hydrothemal aragonite. 

Hydrothermal aragonite has a distinctively different isotopic composition when 

compared to ccnomat" marine carbonate. This difference ades fiom precipitation at hi& 



temperature fiom a mixture of seawater and hydrothemal fiuid that has lower ' ' ~ r / ' ~ ~ r ,  6I80 

and 6D values than seawater. Based on 8 7 ~ r / 8 6 ~ r  mixing calculations, the maximum seawater 

fraction is approximately 1 1 % . Apparently, carbon isotopic equilibrium has been reached, 

while foi oxygen cornpiece equiIibnum was not attained. Calcuiated equilibrium ternperatures, 

nevertheless, are in good agreement with those directiy measured and those obtained fiom fluid 

inclusion experiments. 

Trace element concentrations, except for the REEs, Y and Sr are low. OnIy Fe-calcite 

shows distinctive Sr and Mg concentrations compared to "normal" marine carbonate. The REE 

pattern geometry of aragonite is similar IO that of the hydrothennal fluid and concentrations are 

higher in coarse aragonite than in f i e  grained examples. This may be caused by higher 

precipitation rates. 



4. TEE NATURE AND COMPOSITION OF =(III) OXYHYDROXIDE 

DEPOSITS 

4.1 INTRODUCTION 

The fate of iron in aqueous solutions is a close consequence of redox conditions, 

because Fe2+ is the mobile species and upon contact with oxygen, it is readily oxidized to Fe" 

and removed via precipitation of a femc oxide or hydrous oxide. The oxidation kinetics of Fe" 

in seawater are more or less the sarne as in fresh water (Miller0 et al., 1987), resulting in 

similar deposits in the marine and non-rn-e environment The most common minerals are 

hematite, goethîte, lepidocrocite, ferrihydrite and protoferrihydrïte, and their preferentiai 

precipitation depends on the set of physico-chernical conditions. For breviy, these minerals are 

referred to collec tively as F e 0  oxyhydroxides. 

The natural occurrences of F e 0  oxyhydroxides include gossans, ironstones, soils, 

hot springs, hydrothermal vents and Stream beds. Many F e 0  oxyhydroxide deposits are of 

economic interest, either directly for rnining or for geochernical prospecting. The ochers, 

ironstones and gossans on the island of Cyprus, for example, were arnong the fust ores to be 

mined cornmercially, dating back to pre-Roman times (Weisgerber, 1982). Hydrous iron 

oxides are si,&cant indicator minerals in geochemical exploration because they effectively 

scavenge important ore metals from the weaihering zone (e-g., Chao and Theobald, 1976). 

F e m  oxyhy droxides are particularly important constituents in the rnarÏne environment 

where they generally fonn due to hydrogenetic (manganese nodules and cmsts) or 

hydrothermal (hydrothermal sediments) processes (e.g., Murray, 1979). Their high specïfic 

surface area allows for ready adsorption of most heavy rnetals. The mainly amorphous nature 

of these deposits makes them efficient scavengers of many trace metals and, as a result, they 

are thought to be the most important removal mechanism fiom seawater for many trace 

elements, inciuding the rare earth elements. 



Most snidies of deep water Fe(m) oxyhydroxide were cmied out on samples collected 

by dred,@ng without visual observation (e-g., Hein et al., 1994), or with iirnited visual 

observations if collected by a video camera equipped TV grab (e-g-, Puteanus et al.. 199 1). 

Their geographic location and relation to vent orifices within a hydrothermal system are, 

therefore, poorly constrained. For most deep sea deposits, the chernical composition of the 

parent hydrothermd fluid is unknown and has to be inferred from depositional models. The 

study of T u w  Bay F e 0  oxyhydroxides will provide us with new insights uito their 

formation in the marine environment. There, hydrothermal fluids and precipitates were 

collected at the same time allowing for a direct cornparison. Furthemore, visual observations 

that relate the distribution of vent orifices to the deposits could be made. 

A complete listing of aIl F e 0  oxyhydroxide sampies is @en in Table 4- 1. Fe@) 

oxyhydroxides are present throughout Tutum Bay where they form as very thin layers on 

sediment gains in areas of high seafloor temperature. Massive layers and extensive ffing of 

sediment pore space, however, are restricted to the vicinity of vent sites. There they form a 

bright orange coating on volcanic boulders (Figs. 3-2 and 4-1 a), f o m  distinct bands on corals 

skeletons, aragonite and Fe-calcite (Figs. 3-3b and 3-4b) andlor precipitate as massive layers in 

open spaces (Fig. 4-lb). Tney c m  vas, in color from a bnght orange to very dark brown that 

is aImost black, and in hardness from CI (talc) to about 2.5 (between gypsum and cdcite). 

Hardness and color are related to each other in such a way that the darker the color the harder 

the Fe(DlJ oxyhydroxide. Based on sarnple hardness, color and general appearance, the 

relative ape of Tumm Bay F e 0  oxyhydroxide deposits was detemiùied qualiratively and 

from oldest to youngest is in the order FV-1, V-2, V-IB, V-4.1 and V-2 (97). The younger 



TABLE 4-1 
DESClUFTION OF T?JTUM BAY HYDROmRMAL F E 0  OXYKYDROXiDE 

- - -- 

Sample Location Description XRD Scans 

FV- 1.4 

FV- 1B 

V- 1B 

V-2B 1 

V-3B II 

V-3% D I  

V-4.1D 

Vent 1 

Vent 1 

Vent 1 

Vent 2 

Vent 2 

Vent 2 

Vent 4 

V-2 (97) 1 Vent 4 

V I  (97) II Vent 4 

massive layers with dtemating colors ran,&g from protoferrihydrite, 
dark brown to dark orange; indurated and relacively ,gypsum, hematite, 
hard compared to the other Fe-oxyhydroxides As2O,, As20,, Fe- 

srnectite 
sofier Iayer of dark orange color fkom beneath FV-ZA n-d. 

Fe-precipitate on a volcanic bodder protoferrih ydrite 

massive layer of reddish brown relatively hard Fe- protoferrihydrite, 
oxyhydroxide that precipitated on dead coral Fe-smectite, 
fragments and aragonite claudetite (&,O3 

soft layer of yellow brown color from beneath V-2B 1 protoferrihydrite 

very thin intermediate layer between V-2B 1 and V- protoferrihydrite 
2B II; may contain significant amounts of both V-2B 
1 and V-2B II 

Fe-oxy hydroxide coating volcanic fragments and protoferrihydrite 
fragments of dead corals, contains some aragonite 

very thin hard dark greenish brown layer on a coral protofemhydrite, 
skeleton that fell partly over the vent orifice; contains Fe-smectite 
sipificant amounts of V-2 (97) Ii, was in contact 
with mainly seawater at the t h e  of sampling; 
collected from the side of the coral opposite to the 
vent 

very soft orange to orange brown layer on a coral protofemhydrite 
skeleton that fell partly over the vent orifice; collected 
from the side of the cord that faced the vent 

Note: n.d.=not detennined 



Fig. 4-1 (a) Underwater photograph of Tutum Bay vent 1. Field of view is approximately f 

m. Volcanic pebbles, bouldes and fraagments of dead corals are coated with a thin layer of 

F e o  oxyhydroxide (bright yellow to orange). The thickness of the F e 0  oxyhydroxide 

deposits increases -with neamess to the point of discharge. @) Stereo microscope photo 

microagaph of massive F e 0  oxyhydroxide coUected from inside the orifce at vent 1 (see 

photo above). The circles and numbers indicate locations where proton probe analyses were 

performed and correspond to numbers in Table 4-3. The scale bar represents 2 mm. 





samples V-2 (97) and V-4.1 do net show differently colored layers as seen in the two oider 

samples (FV- 1 and V-2) (Fig. 4- 1 b). 

The samples V-2 (97) and V-2 were collected fiom the same vent, except that V-2 (97) 

was takeh approximately 18 months later than V-2. V-2 (97) provides us with the oppominity 

to estimate the rate of precipitation and to investigate the very early stages of Fe(III) 

oxyhydroxide precipitation. In February 1997 an unusually strong storm struck Ambitle Island 

from the southwest (Philip Tolain, 1997 pers- comm.) and heavy seas caused extensive 

damage to coral reefs and shoreline (pers. observztion). In Tutum Bay several l a s e  coral heads 

were tipped over and several colonies of branching corals were destroyed. During that process 

part of a Staghom coral (Agrapora robusta?) must have fallen over the main orifice of vent 2. 

At the time of sampling, those branches exposed to the hydrothermal fluid were coated with 

very soft and fragile orange to orange brown F e 0  oxyhydroxide deposits approximately 5 - 

7 mm rhick. Given the period between the onset of deposition and sarnplinp, precipitation rates 

could be as high as 1 cdyear. Recipitation on coral branches continues to roughly 20 cm 

above the orifice, but deposits gradually become thinner with distance. Those sides of the 

deposits that were distd to the vent fiuid and, therefore, more exposed to seawater than 

hydrothermal fluid had a very diin greenish brown hard surface Iayer (V-2 (97) II). Beneaih 

that Iayer, however, the material was identical to the Fe(m) oxyhydroxides exposed rnainly to 

the hydrothemal fluid. 

Bulk F e 0  oxyhydroxide m w a l  was separated fiom its substrate, rinsed with 

deionized water to remove halite and carefully crushed in an agate mortar. Sarnple powders 

were dned at room temperature to prevent goethite to hematite conversion (Der et al., 1 W2), 

according to: 



2 FeOOH + heat (> 90°C) =s Fe,O, + H,O. [4- 1 1 

Chemical, mineralogical and isotopic analyncal methods were identical to those 

described in the analytical section of the previous chapter (3.3). 

A combination of XED and SEMiEDX analyses was applied to cl* the mineralogicd 

history and composition of the Fe@) oxyhydroxide deposits. Results are listed in Table 4-1 

and representative XRD diffractograrns are shown in Figs. 4-2 and 4-3. The two 

diffracto,orams in Fig. 4-2 represent the two mheralogïcal endmembers of Tutum Bay 

deposits. Sarnple V-2 has no distinct peaks, except for two broad hurnps at approximately 38 

and 62" 2 theta (d = 2.5 A and 1.5A). These two humps may be groups of adjacent diffuse 

reflections and indicate the presence of hydrous iron oxide (Giessen, 1966; Towe and Bradley, 

1967). Chukhrov et al. (1973) proposed the name protofemhydrite for hydrous iron oxides 

that give only two reflections (2.5 and 1.5 A) and femhydnte for those that give five 

reflections (2.52, 2.25, 1.97, 1.72 and 1.48 A). They dso concluded that the tesser amount of 

reflections for protoferrihydrite indicates the b e , m g  stage of crystallization. The amorphous 

nature of many Fe(lII) oxyhydroxide deposits reflects their very fme grain size and colloicial 

origin (e.g., Puteanus et al., 1991). Mossbauer spectroscopy confinned the morphous nature 

of any Fe-rich material (mineral) and particle sizes of l e s  than 100 A for Tutum Bay Fe(III) 

oxyhydroxides @. Rancourt, 1997 pers. comm.). 

Sarnple W-1 also shows the nvo broad humps at approximately 38 and 62" 2 theta, but 

several other sharp peaks are clearly observable (Fig. 4-2b). Mineral identification was aided 

by SEMIEDX analyses and As,O,, scorodite (FeAsO4*2%O), gypsum and Fe-smectite codd 

be identified. As,O, - and hematite are likely, but could not be unequivocally confirmed because 
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Fig. 4-2 Diffractometer patterns for sample V-2 (97) (a) and FV-1A (b). The two patterns 

clearly demonstrate the increasing crystallinity with increasing age. V-2 (97) contains only 

protofemhydrite, whereas in FV-1A several sharp peaks are supenmposed on top of the typical 

protofemhydxite pattern: N: srnectite (nontronite), G: gypsum, C: claudetite, S : scorodite, H: 

hernatite, 4: As,O, and 5: &O5. Letters in brackets indicate doubtfut peaks. 
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Fig. 4-3 DiMactometer patterns for sarnple V-2 I (a) and V-2 II (b). The two patterns clearly 

demonstrate the importance of seawater contact during aging. V-2 I akhough sIightIy younger 

than V-2 II is more crystalline because it remained in contact with either seawater or a mixture 

of seawater and vent fluid (seawater z> vent fiuid). C: claudetite, N: smectite (nonnonite). 



they share X-ray reflections with As@,, gypsum and Fe-smectite (Fip. 4-2b). The presence of 

hernatite, althou@ hinted at in the XRD pattern, is unLikely because it is conmry to the 

findings of MMsbauer spectroscopy. 

Ir was not possible to determine the exact vaïety of Fe-srnectite, but circumstantid 

evidence points towards nontronite, a diuctahedral Fe-smectite. The appearance and greenish 

color of sarnple V-2 (97) 1 is identical to that of a nontronite rich F e 0  oxyhydroxide deposit 

in the Woodlark Basin (see Fig. 5 in Binns et al., 1993). Nontïonite has been found to be the 

dominant smectite in other F e o  oxyhydroxide deposits in submarine settings (e-g., Alt, 

1988; Hekinian et al., 1993; Puteanus et al., 1991; Stoffers et al., 1990) where the presence of 

oxygenated seawater either prevents the formation of Fe-rich saponite (I?e2'-smectite) or causes 

the transformation from saponite to nontronite (Andrews, 1980). The presence of kankite 

(Fe As O4*3.S-O), hydrogenarsenate (H,As,O ,,) and/or hydrated hy drogenanenate 

(H3As,0,*3H,0) is possible but codd not be confirmed unarnbiguously by XRD or 

SEMEDX- 

The outer layer of sample V-2 (V-2 1, Table 4-1 and Fig. 4-3a) represents a 

mineralogical composition intermediate between the two samples in Fie. 4-2 (V-2 (97) and EV- 

1A). Here the presence of a Fe-smectite and claudetite (As~O,) could be confinned. The 

reflections are not as strong as those for the same mineral in sample FV- 1 A which may indicate 

either a lesser amount of minerai present or poorer crystallinity. Claudetite was not 

conclusively observed in sample F'V-1A. The reflections for Fe-smectite and claudetite are 

absent in the sofier and less dark matenal of sample V-2 II that was collected from beneath V-2 

1. This scan is almost identical to that of V-2 (97). 

In addition to the two broad humps at 38 and 62" 2 theta (d = 2.5 A and UA) a 

somewhat sharper hump was observed at approximately 4.2" 2 theta (d - 20 A). This hump 

seems to shift to the ri&t with increasing crystallinity of the Fe(TIi) oxyhydroxide samples 

(Figs. 4-2 and 4-3). In samples V-2 (97) and V-2 TI it is relatively sharp and located at - 4.0 to 

4.5" 2 theta, in sample V-2 I it is quite broad and occupies the rang from 4.2 to 7.0 4.2" 2 



theta and in sample FV-1 it is relatively sharp again and shifted to - 6.7 to 7.0 4.2' 2 theta To 

rny bowledge, this hump (peak) has not been previously mentioned in the literature pertaining 

to the study of F e 0  oxyhydroxides and it couid not be attribut& to the presence of an As- 

nch minéral, although Tuturn Bay Fe(m) oxyhydroxides are unusually hi& in arsenic. 

Considenng the chemical composition of sample V-2 II cable  4-2), two minerals may account 

for this unusuai reflection: silhydrite (3Si0,*&0) - - and okenite (Ca,,Si,,O,* 18-0). These 

minerals have their 100% reflection at approxirnately 4.2 and 6' 2 theta (15 to 20 A). 

Unfortunately only little is known about these minerals and their presence is entirely a guess 

that c a ~ o t  be conclusively conf i i ed  at thiç time. Given that silhydrite is present in spring 

deposits (Gude and Sheppard, 1972), while okenite is an alteration product in basaltic rocks 

(Merlino, 1983), the preference is for the former. 

Major, minor and trace element compositions of b u k  samples are listed in Table 4-2. 

F e 0  oxyhydroxide deposits show approxirnately the same chemical composition with the 

exception of Fe, Si, Ca, CO:, and Sr in sarnple 4. ID. The relatively elevated values for Ca, 

CO' and Sr are in good agreement with the assumption that this sample is slightly 

contaminated with aragonite. Fe and Si are related to each other in such a way tha.t samples 

with hi& Fe generdIy have a lower Si concentration. Mossbauer spectroscopic analyses of 

samples FV-1 and V-2 confjmned that iron is exclusively present in its trivaient state (D. 

Rancourt, 1997 pers. corn . ) .  

Hekinian et al. (1993) divided Fe and Si oxyhydroxide deposits from south Pacific 

intraplate volcanoes and East Pacific Rse axial and off-axial regions based on field and 

compositional variations into four groups: (1) low trace element concentration and Fe fiom 27 

to 45%; (2) high ûace element concentration and Fe fiom 30 to 50 %; (3) low trace element 

concentration and Fe fiom 20 to 30% and Si frorn 7 to 20'31, enriched in nontronite; and (4) 



TABLE 4-3 
MAJOR MINOR, TRACE ELEMENT AND SR-ISOTOPE COMPOSITION OF 7IITUM 
BAY HYDROTHERMAL F E 0  OXYHYDROXIDE PRECIPITATES 

- - -- - 

Sarnple Unit F'V-1A FV-1B V-1B V-2B 1 V-2B II V-2B III V 4 . D  

SiO, 
T~O; 

Fe2O; 
Mn0 
M G  
Cao 
N@ 
w 
P a i  
CO, 
LOÏ 
ST . 
Total 

Ag 
Au 
As 
Ba 
Be 
Br 
Cr 
Cs 
Cu 
Ga 
Hf 
Kg 
In 
Mo 
Nb 
Ni 
Pb 
Rb 
Sb 
Se 
Sr 
Th 
TI 
u 
v 
W 
Y 
Zn 
Zr 

- -- - --  - -- -- 

Note: n.d.=not determined; Max. error for %hS6Sr values is B.000009 2 Standard Errors. 
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very low trace elements and high Si (>35%) and low Fe (40%). The Si and Fe contents in 

Tutum Bay F e o  oxyhydroxides range between 5.7 and 9.8% and 30.9 and 37.7%, 

respectively. Accordîng to the classification of Hekinian et al. (1993) Tutum Bay deposits are 

of type l -and 3, indicating a hydrothermal  on,^. The sample, FV-IA, that is classified as type 

3 (based on Si and Fe concentration), correspondingly contains a si,gdîcant quantity of 

nontronite. Manganese (Fe fb6OO)  and combined Co, Ni and Cu values are very low in 

Tutun Bay F e 0  oxyhydroxides which places thern into the lower left corner of the 

diagnostic temary diagram of BonattÏ et al. (1972), also indicating a hydrotherrnal ori,a (Fig. 

4-4). Elernents that are usudy enriched in F e 0  oxyhydroxides such as Co and V are below 

crustal abundance and well below their concentration in island-arc volcanics. Arsenic, on the 

other hand, is higher than expected by an order of magnitude and clearly sets Tutum Bay 

F e 0  oxyhydroxides apart from other deposits (Fig. 4-5). Values are as high as 62,000 ppm 

if analyzed by neutron activation ("Table 4-2) and 76,000 ppm if analyzed by proton probe 

(Table 4-3). The discrepancy between the two values is a result of different analytical rnethods. 

The neutron activation analysis is done on b u k  samples and values reflect average sample 

concentrations. Although values scatter ~ i ~ ~ c a n t l y ,  considering the relatively high andytical 

uncertainv of diis method (-158) the samples cm be regarded as being widiin the same 

concentration range (Table 4-2). The As concen~ations determined by proton probe, on the 

other hand, represent only a very srnaIl sarnple area and values scatter well beyond their 

maximum analyticd error of c 5%. This observation is in accord with the heterogeneous nature 

of Tutum Bay Fe@DJ oxyhydroxides deposits. The proton probe analyses listed in Table 4-3 

are a traverse across difFerently cdored layers in sample FV- 1 A (Fig. 4- 1B) and darker layers 

generally have higher As concentrations, but there is no definite hter-element correlation. The 

same heterogeneity was also observed in the three separates of sample V-2B (Table 4-2). 

North American Shde Composite (NASC) normalized rare earth element (REE) 

concentrations in Tutum Bay hydrothermal Fe(IQ) oxyhydroxides are plotted in Fig. 4-6. The 

patterns of samples FV-IA, FV-LB, VI-l3 and V-2B show an initial drop from La to Ce 



Fig. 4-4 Diagnostic ternary diagram to determine the ongin of Fe and Mn-rich oxyhydroxide 

deposits (after Bonatti et al., 1972). Tumm Bay F e 0  oxyhydroxides plot at the Fe apex 

indicating a hydrothermal ongin. The fields are as follows: (A) Hydrogenetic cobalt-rich crusts 

from the central Pacific, fiom Hein et al. (1994); @) Diagenetic oxyhydroxides, fiom Bonatti 

et al. (1972); (C) Hydrothermal field, from Bonatti et al. (1972). 



hydrotherrnal Fe-rich crust 
(Stoffers et aI-, 1993) 

hydrotherrnai Fe-rich crusts 
(Ambitle Island) 

\ 
hydrogenetic Fe-Mn cmsts 

Fig. 4-5 Scatter plot of As concenmtion vs. Fe/Mn ratio on a log scale. Tutum Bay Fe(Q 
oxyhydroxide deposits have similar FeiMn ratios as hydrothermal Fe-rich crus& from south 

Pacific seamounts, but As values are more than two orders of mabpitude higher. 



TABLE 4-3 
PROTON PROBE TRAVERSE ACROSS TUTtTM BAY F E 0  OXYHYDROXIDE 
(FIG. 4-1B) 

Point 1 2 3 4 5 6 7 8 9 

Note: AU analyses in parts per million (ppm); point numbers correspond to those indicated in 
Fig. 4-1B. 



(a> 10, 
+ FV-IA 

Rr-1B 
A V-IB 

d vent water, 

Fig. 4-6 North Amencan Shale Composite (NASC) (Haskin et al., 1968) nomalized rare 

eaah element (REE) plots for hydrothermal F e 0  oxyhydroxide precipitates from vents 1, 2 

and 4. REE concentrations for vent waters Pig. 2-6) are multiplied by 106 and the values are 

interpolated for Tm and extrapolated for Lu. 



followed by a nse fiom the Ce minimum to an Eu maximum and a constant decrease towards a 

Lu minimum. The pattern geometry approximately resembles that of the parent hydrothemal 

Buid (Fig. 4-6% b), except that the Eu peakç in the F e 0  oxyhydroxides are not as 

pronounced as in the hydrothemal Buid. The sarnp!e from vent 4 is different and more closely 

resembles the pattem of the parent hydrothermal fluid (Fig. 4-6c). REE concentrations Hiitially 

drop from La to a Ce minimum which is foIIowed by a nse to a Eu-Gd maximum and a siight 

decrease towards an intermediate Lu. 

4-4 DISCUSSION 

Weathering of iron bearing minerals and direct precipitation from solution are the two 

processes that lead to the formation of F e ( n  oxyhydroxides, such as goethite, lepidocrocite, 

hematite and femhydrite. The final product is dependent on an intricate interplay between 

bacterial activity, pH, Eh, temperature, precipitaîion rate and iron concenmtion (e.g., Ah, 

1988; Binns et ai-, 1993; Chao and Theobdd, 1976; Churkhov et al., 1973; Fortin et al., 1993; 

Hekinian et al., 1993; Murray, 1979; Puteanus et al., 199 1; Schwertmann and Fischer, 1973; 

Stoffers et al., 1993). Direct precipitation from solution occurs either via the slow hydrolysis 

of Fe3+ solution or due to oxidation of ~ e ' +  solutions. The former generally Ieads to the 

formation of goethite, except from solutions containhg Cl- which precipitate akageneite 

(Murray, 1979). Neither minerai waç observed in Tutum Bay Fe(III) oxyhydroxides indicating 

that there, hydrolysis of ~ e %  is not an important process. In Tutum Bay vent fluids (Eh - -0.17 

V and pH - 6.1) ~ e *  is practicdy absent and as a result precipitation has to proceed via 

oxidation of ~ e " .  This is easily achieved through rnixing with oxygenated seawater (e-g., 

Millero et al., 1987) and results in an increase of Eh and pH and a decreaçe in temperatme, all 

of which favor the precipitation of F e o  oxyhydroxide (Fig. 4-7). At the same time 

conditions are not oxidizing enough to cause precipitation of a Mn-rich (Fig. 4-8) andlor 



O seawater 
vent water 

Fig. 4-7 Eh-pH diapgram for the system Fe-O-BSOcHCO, at 60°C (dashed Lines) and 90°C 

(solid lines) at a pressure of 2.026 bars. Activities for Fe2+, Sot- and HCO, are assumed to 

be 105, 105 and IO'), respectively. Thermodynamic data are from Brookins (1988) and 

references therein. Fe(OH),(ppd) is the field of amorphous Fe(m) oxy hy droxide. The arrow 

indicates the mixing trend between hydrothermal fluid and seawater. 



Fig. 4-8 Eh-pH diagram for the system Mn-O-H-S0,-HCO, at 60°C (dashed lines) and 90°C 

(solid lines) at apressure of 2.026 bars. Activities for ~ e " ,  ~0: '  and HCOi are assumed to 

be IO-', IO-' and 105, respectively. Thermodynamic data are fiom Brookins (1988) and 

references therein. The arrow indicates the mkhg trend berneen hydrothennal fluid and 

seawater. Manganese remains comparably longer in iîs divalent state and, therefore, in solution 

than Fe" Fig. 4-7), thus explaining its absence in Tutum Bay Fe@I) oxyhydroxides. 



As-rich i 4-9) mineral, explaining their initial absence in Tutum Bay oxyhydroxide 

deposits. The same process has been called upon to explain the fornation of various other 

Fe(m) oxyhydroxide deposits in subrnarine settings (e.g., Mt, 1988; Puteanus et al., 199 1). 

Under these conditions X-ray amorphous F e 0  oxyhydroxides is the preferred material 

because precipitation is rapid, thus preventing the formation of a crystailine phase. Chukhrov et 

al. (1973) noted that "with especially rapid deposition of hydrous iron oxides, protofenihydnte 

is obtained". Maximum precipitation rates in Tuturn Bay are up to three times higher than those 

measured for F e 0  oxyhydroxide deposits from Loihi Seamount (Cremer, 1995) and as a 

result, protoferrihydrite is the dominant material (Table 4-1). 

Oxidation of ~ e ' +  as a mechanism of precipitation is also supported by the use of 

87~r /  8 6 ~  r as a tracer of m n g  between hydrothemal fluid and seawater (Fig. 4- 10). "S r 

values in Tutum Bay Fe(III) oxyhydroxide indicate that mucing with seawater occurs during its 

precipitation (Fig. 4-10). The calculated minimum and maximum seawater fractions are 

approximately 11 and 5796, respectively. Assuming a temperature of 30°C for seawater and 

100°C for the hydrothermal endmember, the temperature of the mixture can be calculated with 

equation [3-11. Thus, precipitation of Tutum Bay Fe(m) oxyhydroxides takes place at a 

temperature range between approximately 60 and 93°C. The correspondhg increase in pH, 

calculated with the same equation, is approximately to 6.3 and 7.2 from the initial pH = 6.1 of 

the hydrothermal fluid (Table 2-5). This model, however, cannot be used without reservation, 

because Fe(D oxyhydroxide is a mixture of different minerais, and the minerd phases 

represent slightly different physico-chernical conditions. Post-depositional absorption of Sr or 

exchange with seawater or hydrothermal fluid cannot be excluded due to the extreme reactiviv 

of F e O  oxyhydroxide surface areas (e-,p., Davis and Kent, 1991). Thus, through tirne, 

F e 0  oxyhydroxides may lose the chemical signature thaî represents the conditions during 

precipitation. Nevertheless, the temperatures that were estimated with the ' ' ~ r / ~ ~ ~ r  mkhg 

model are in good a p m e n t  with precipitation temperatures reported in the literature (e.g., 

Churkhov et al., 1973; Puteanus et al., 199 1; Stoffers et al., 1993)- 



Fig. 4-9 Eh-pH diagram for the system As-Fe-O-H-S0,-HCO, at 60°C (dashed lines) and 

90°C (solid lines) at a pressure of 2.026 bars. Activities of  AS^+, ~ e ~ ' ,  ~0:- and HCO; are 

assumed to be 10-~, IO", 105 and 1 U3, respectively. Thermodynamic data are from Brookins 

(1988) and references therein. The arrow indicates the &g trend between hydrothermd 

fluid and seawater. At Tutum Bay vent fluid concentrations arsenic remains in solution except 

for very oxidizing conditions. The conditions necessary for the formation of scorodite, 

however, cannot be achieved by mUUng the hydrothemal fluid with seawater, because 

respective Fe and As concentrations would be too low. 



Fig. 4-10 Mixing cuve between the hydrothemal fluid and seawater endrnember vable 2-5) 
based on '%r/ 8 6 ~ r  ratios in F e 0  oxyhydroxide precipitates. The dashed lines indicate the 

range of 8 7 ~ r / 8 6 ~ r  ratios (0.7048 to 0.7071) and the correspondhg amount of seawater 

admixed to the hydrotherrnd fluid at the rime of precipitation. 



Bactena that use the oxidaiion of ~ e ' +  as an energy source are ofren involved in the 

formation of F e 0  oxyhydroxides (e-g., Churkhov et al., 1973; Fortin et al., 1993; Leblanc 

et al., 1996). The active participation of bacteria in the precipitarion of Tu- Bay Fe(III) 

oxyhydrhides could neither be confirmed nor disproved. Several rounded to subrounded Fe 

and Si-nch bodies, approximately lpm across, were observed by electron microscopy. 

Transmission electron rnicroscopic (TEM) analyses, however, did not conclusively c o n f i  the 

presence of bactefia althou$ rounded shapes were observed that could be the mineralized 

remnants of bacteria @. Fortin, 1997 pers. comm.). 

The very fine size and colloidal oria$n of F e 0  oxyhydroxide phases is reflected 

in their amorphous nature. However, once precipitated, aging will increase the crystallinity and 

genemlly Iead to the formation of either hematite (e.g., Churkhov et al., 1973) or goethite 

(e-,P., Schwertmann and Fischer, 1973). Older seafloor deposits consist almost exclusively of 

goethite with contents up to 88% (Hein et al., 1994). 

The presence of goethite was not confïrmed for Tuhm Bay F e 0  oxyhydroxide 

deposits (Figs. 4-2 and 4-3). The degree of crystallinity as deduced fom ICRD analyses, 

however, seems to be directly related to a) relative age of the precipitate and b) exposure to 

seawater. Samples FV-1A and V-2 1, thought to be older than V-lB, V-2 (97) and V-41D, 

clearly show the more complex XRD patterns. These two sarnples are the outer layers of their 

respective Fe(m) oxyhydroxide deposits and were exposed to a mixture of seawater and 

hydrothermal fluid (seawater >> hydrothemal f l ~ d )  at the tirne of sampling. The two samples, 

FV-1B and V-2 II, colIected from layers just beneath FV-IA and V-2 1, were not directly 

exposed to seawater and contain only protofenihydrite. 

Rapid precipitarion is a process often cded upon to explain the amorphous nature of 

Fe(m) oxyhydroxide precipitates (e.g., Chao and Theobald, 1976; Hekinian et al., 1993). The 

relatively high silica concentration in Tutum Bay vent fluids may play an additional role. 

Freshly precipitated F e 0  oxyhydroxide react very strongly with silicate compounds, thus 

preventing fuaher crystallization (Schwertmann, 1966; Schwertmann, 1970). Puteanus et al. 



(1991) also suggested the presence of an X-ray amorphous nontronite due to rapid 

precipitation. Nontronite is the first crystaLüne phase to f o m  up in Tutum Bay Fe(m) 

oxyhydroxides and its presence in the outer Iayer of sample V-2 (97) indicates that formation in 

contact with seawater takes less than six months following precipitation of the F e 0  

oxyhydroxide. Nontronite is a common secondary mineral in many submarine hydrothemal 

metdliferous deposits (e-g., Bischoff, 1969; McM~my and Yeh, 198 1; Mumane and Clague, 

1983) andlor a product of ocean floor weathering of volcanic rocks (e-,o., Ah, 1993; Gaikhan 

and Duncan, 1994; Rad et al., 3 9 0 ;  Stakes and Scheidegger, 198 1). Puteanus et al. (199 11, 

who exteiisively reviewed the existing literature on nontronite, found that the temperature of 

formation, when detemiined by oxygen isotope thermometry was relatively low (3 - 57°C). 

These low temperatures are in good ==ment with temperatures inferred for its formation in 

Tutum Bay, based on the assumption that nont ro~te  there fonns due to interaction between 

F e 0  oxyhydroxide and seawater a d o r  a very dilute hydrothermal fluid. 

The next ciystaIline phase to appear in Tunim Bay F e 0  oxyhydroxide deposits is 

claudetite (As20,), a trivalent arsenic oxide. Claudetite is stable only at extrernely high arsenic 

concen~ations ([AS"] > 106-8 at 25OC) (Fig. 4-11) which were not present at the time of 

precipitation of the F e o  oxyhydroxide Fig. 4-9). Arsenic compounds are generally soluble 

and as a result, post depositional interaction with seawater or very diiute hydrothermal fiuid 

should cause the formation of claudetite via dissolution and re-crystallization. This process is 

imagined to be analogous to the formation of goethite andlor hernatite from amorphous Fe(m) 

oxyhydroxide (e.g., Churkhov et al., 1973; Schwertmann and Fischer, 1973). Under a 

rernaining high [h3+] and increasing oxidi;r.ing conditions, claudetite is slowly transformed 

into pentavdent arsenic oxide (As,O,) and scorodite (Fig. 4-1 1) that are the next minemls to 

appear in the XRD pattern of sample FV-LA (Fig. 4-2b). The formation of gypsum, which is 

also present in sample FV-IA, is thought to be caused by interaction between seawaterderived 

S O ~  and ~ a "  released fiorn Fe(m) oxyhydroxide surfaces. 



Fig. 4-1 1 Eh-pH diagram for the system As-Fe-O-H-SO,-HCO, at 30°C (ambient seawater 

temperature) at a pressure of 2.026 bars and very high As concentration. Activities of  AS^', 
~ e ~ ' ,  SOZ- and HCO, are assumed to be IO"*, IO-', IO" and 105, respectively. 

Thermodynamic data are from Brookins (1988) and references therein. At such high activity of 

As, the stability field for As(OH), is replaced by claudetite and the field for scorodite increases 

drastically. 



Recrystallization of an amorphous matenal drastically reduces the specific surface area and, 

therefore, its capacity to adsorb ions, which is closely related to specific surface area (e-g., 

Morgan and Stumm, 1964). 

4.4.1 The chernical composition of Tutum Bay F e 0  oxyhydroxide deposits 

Scaven,@ng of elements into and onto metal hydroxides results from: 1) coprecipitation, 

2) adsorption, 3) surface complex formation, 4) ion exchange, and 5) penetration of the c~ystal 

lattice (Chao and Theobald, 1976), but in narural systems it is often impossibie to distinguish 

between coprecipitation and adsorption orever, 1982). Adsorption, however, has b e n  

observed to be the basis of most surfacechemicd reactions (Stumm and Morgan, 2996), 

making it the most likely cause for the minor and trace eIement composition in Tunim Bay 

F e 0  oxyhydroxides. With the exception of arsenic, trace element concentrations are low and 

reflect their low concentrations in the hydrothermd fluid (Tables 2-3 and 4-2). Little 

information exists regarding the intensity of scavenging of elements other than the heavy or ore 

metals, except that many metals that form strong OH-compIexes in water also bind strongly to 

hydroxide surfaces (Dzombak and Morel, 1990). This is confumed in Tuturn Bay F e 0  

oxyhydroxide deposits where trace metals that form stronger OH-complexes are generally 

enriched when compared to the alkali elements K, Rb and Cs that form weaker OHcornplexes. 

The RbfSb ratio, for example, is 44 in the vent fluid from vent 1 (Table 2-2) and only 0.023 in 

the corresponding F e 0  oxyhydroxide sample (V-IB, Table 4-2). 

The extent of e n g  with seawater during precipitation, as determined by the ''s~/*~s r 

mixing model, is to some extent also imprinted in the trace element signature of F e 0  

oxyhydroxide, in particdar for elements that possess a substantial concentration difference 

between seawater and hydrothermal fluid. This is evident in the two sarnples V-1 and FV-1 that 

were collected at the same vent but from different locations, and experienced therefore different 

mixing conditions. SampIe V- 1 B , a thin layer coating volcanic boulders adjacent to the orifice 



(Fig. 4-la), has a higher ' '~r86~r ratio (i.e., higher seawater) and lower concentrations of Cs, 

Rb, Sb and Tl than FV-lB, a massive layer from within the vent orifice. 

Rare earth elements are known to be very effectively scavenged by F e 0  

oxyhydroxides (Koeppenkastrop and De Carlo, 1992; Koeppenkastrop et al., 199 1) and as a 

result Tutum Bay deposits are enriched relative to the hydrothermal fluid by approximately 1 05. 

Unlike for hydrogenetic Fe and Mn-rich deposits whose pattern geometq is conrrolled by 

seawater (e-g., Fleet, 1984), Tutum Bay F e 0  oxyhydroxide REE concentrations are 

controlled exclusively by the hydrothermal fluid (Fig. 4-6). In seawater, REEs are 

undersaturated but c m  be removed in trace amounts by both inoganic and organic processes 

and low-temperature alteration. The preferential uptake of light REEs in hydrogenetic Fe and 

Mn-rich oxyhydroxides is due to the fact that heavy REEs form stronger carbonate complexes 

in seawater (Lee and Bryne, 1993). The positive Ce anomaly that is generally present in 

hydrogenetic Fe-rich crusts, contrasts with the negative Ce anornaly in seawater and in Tunim 

Bay Fe(III) oxyhydroxides (Fig. 4-6). Goldberg (1961) proposed that Ce3+ in the ocean is 

oxidized to ce* and precipitated as C e 0  while the other REEs remah in their rivalent state. In 

addition, Ce f o m  colloidal ceric hydroxide (Carpenter and Grant, 1967) which may be 

scavenged by FeM-oxyhydroxides. 

The ZREE, although enriched by approximately IO5 over their concentration in vent 

fluids, is stiU relatively low when compared to that in hydrogenetic deposits (Fleet, 1984). 

Olivarez and Owen (1 989) found that the REEEe ratio in hydrothemal sediments increases 

with distance from the ridge axis, i.e., vent site, and argued that REE uptake frorn seawater is 

the cause. According to their ideas, low EEEFe ratios would indicaie rapid precipitation, thus 

preventing adsorption of seawater derived REE, whereas high EEWe ratios indicate extended 

contact with seawater, Le., low precipitation rate (cf. Stoffers et al., 1993). The high 

precipitation rates and low REUFe ratios observed in Tutum Bay are in general accord with 

this proposition, but it has to be noted that this mode1 is cnly valid for a resaicted time period. 

Its validity is compromised once F e 0  oxyhydroxides start to reaysfallize due to extended 



contact with seawater. At bat t h e  REEs are released from the F e o  oxyhydroxide matenai 

due to the decrease in specific surface (Le., adsorption capacity). This is illustrated by the 

lower ZREE in the most crystalline sample, FV-lA, when cornpared to samples FV-IB and V- 

4.4.2 The specid nature of arsenic in Tutum Bay F e 0  oxyhydroxides 

The oxidation, speciation and solubility of arsenic compounds are Iargely controled by 

inorganic processes (e-,a., O'Neill, 1990). Some microbial oxidation, however, is possible 

despite the fact that arsenic is lethaI to most microorganisms (Ahmann et al., 1994; Baldi, 

1994; Leblanc et al., 1996). Arsenic cornpounds exhibit a strong affinity towards adsorption 

onto andior coprecipitation with iron hydroxides. The extremely high arsenic concentration in 

Tutum Bay F e ( m  oxyhydroxides suggests that some may be structuraily bound within Fe- 

oxide, simila. to the mineral, schwertmannite, where SO," substitutes for iron. The adsorption 

of As onto iron hydroxides is controlled by the specific surface area of the adsorbent, which in 

nim is direcly related to its minerdogy, and decreases in the order ferrihydrite > goethite > 

lepidocrocite > hematite (BowelI, 1994). Several experimentd studies have found that 

adsorption at standard conditions (temperature = 25°C and pressure = 1 bar) is generally rapid 

and strongest at a pH of approximately 6-7 (e-g., Bowell, 1994; Manning and Goldberg, 1997; 

Pierce and Moore, 1980). Comparing these experirnentd conditions with those present in 

T u m  Bay it is not surprising that there As concentrations are exceedingly high in F e 0  

oxyhydroxides. The strong pH affinity would also explain the relatively Low As concentration 

in deep sea F e 0  oxyhydroxide deposits (Fig. 4-5). Most deep-sea deposits are thought to 

precipitate from hydrothemal solutions with a si-onificantly lower pH than Tutum Bay vent 

fi uids (Cremer, 1995). Mixïng between seawater and hydrothermal fluid, therefore, would 

have to be extrernely high in order to reach a pH favorable of extensive As adsorption. This 



should cause a low As concentration in the mixture because of its low concentration in 

seawater. 

The concentration of arsenic in Tunim Bay F e 0  oxyhydroxide deposits is acmally so 

high thai it cannot be considered a trace element Following Fe and Si, As is the third most 

abundant element and its concentration is the highest reported from any m e e  setting, 

illustrating the special nature of the Tutum Bay hydrothemal system. Arsenic concentrations in 

Tutum Bay vent fluids are also the highest reported from a submarine setting (Von Damrn, 

1995). This ciearly sets Tutum Bay apart from deep sea hydrothermal systems and underlines 

its close relztionship to onland hydrothermal systems. In onland systems As is a cornmon 

constituent in hydrothemal fluids and hydrothermal precipitates, with concentrations in silica 

sinters of up to 88,000 ppm (Seward and Sheppard, 1986). 

The highest As concentrations, however, are found in F e 0  oxyhydroxide deposits in 

Stream beds andlor soils associated with mine drainage, where concentrations of up to 120,000 

ppm have k e n  reported (Leblanc et al., 1996). The strong affuiity between Fe(m) 

oxyhydroxides and As is a blessing in such an environrnent because As is readily removed 

from solution and stored. If Fe(m) oxyhydroxide deposition takes place in streams, the 

concentration of As in solution decreases exponentially with near removal after a few 

kilometers downstream from the point of contamination (Davis et al., 1989; Leblanc et al., 

1996). In Tutum Bay, F e 0  oxyhydroxide also seems to reduce successfully the input of As 

into seawater, thus preventing the certain collapse of the surrounding coral reef ecosystern. 

Compared to the situation onland, arsenic removal in Tutum Bay seems to be perpetual because 

there the conditions remain oxidizing at all times due to continuous flushing and renewal of 

seawater. In onland settings, in paaicular in soils and small streams, reducing conditions are 

cornmon and promote the stability of A s 0  in pIace of As(V). This leads to lower sorption 

(retention) and greater leaching of arsenic (e-p., Bowell, 1994). Addiaonal transformation of 

As(m) to A s 0  under slightly reducing conditions can Ix achieved by bacterial mediation. 

Ahmann et al. (1994) reported the discovery of a microorgmism that gains energy for growth 



from reduction of A s 0  to A s 0  in the absence of oxygen. Reducing conditions during aa@ng 

of the F e 0  oxyhydroxide precipitate may dso  prevent the formation of a discrete As-mineral 

if the activity of arsenic is insufficient (Figs. 4-9 and 4-1 1) and, as a result, arsenic is released 

into solution. 

4-5 GEOLOGICAL WIJCATIONS 

Massive sulfides and F e 0  oxyhydroxides are the principal seafloor deposits 

associated with hydrothermd activity. Except for a few intra-plate locations, massive sulfides 

are usually found in deep water, high temperature hydrothemal systerns dong  mid-ocean 

ridges. F e 0  oxyhydroxides, on the other hand, are the prominent intra-plate deposits that 

form in shallow water, low temperature hydrothennal systems in seamount and island-arc 

environments. Several models have been proposed to explain their formation. AU models agree 

that mixing with seawater is the fuial step that causes precipitation, although they differ to some 

degree in explaining the history of the hydrothermal fluid. Rona (1984) suggested that F e 0  

oxyhydroxide deposits could be either the sole product of a low-intensity hydrothermal system 

or the extremely fractionated endrnernber phase of a high temperature hydrothermal fluid tha 

has precipitated its metals deeper in the volcanic pile (cf. Puteanus et al., 1991). Puteanus et al. 

(1991) concluded that they are deposited from a hydrothermal fluid that formed by adsorption 

of mamgnatic vapors into seawater. They wite: "Initially, rnagmatic vapors migrating upwards 

through the hot spot volcan0 are thought to be absorbed into seawater ai comparatively shalIow 

levels to deposit sulfide minerals wivithui the volcanic piIe. The Fe oxyhydroxide deposits are 

the residual low-temperature deposits formed when the spent hydrothennal fluid reached the 

crest of the seamount". The proposed rnechanism for sulfide precipitaiion is the exsolution of 

H,S and CO, from the hydrothemal fluid. The problem with this model is that while the 

mechanism of precipitation is a valid assumption and a process often called upon in the 



formation of ore deposits, it also removes most of the Fe2+ from solution. The associated 

increase in pH and drop in temperature. furthemore, hinders the capacity of the hydrothennal 

fluid to carry substantial amounts of ~ e ?  Stoffers et al. (1993) caLIed upon adiabatic boiling as 

a mecharïism to remove the suifide phase from the hydrothemal fluid and, therefore, separate 

Fe(m) oxyhydroxides. Boiling is an important process in hydrothemd systems where it 

connols several physico-chernical parameters and separates a hydrothermal solution into a Io w 

chlorïnity, vapor phase and a high chlorinity liquid phase (e.g., Buttefield et al., 1990; 

Delaney and Cosens, 1982; Drurnmond and Ohmoto, 1985; Seward, 1989; Simmons and 

Christenson, 1994; Truesdell et al., 1977). Again, boiling compromises the capacity of the 

hydrothermal fluid to cany substantial amounts of I7e2+. 

The F e 0  oxyhydroxide deposition in Tunim Bay sheds light ont0 some of the 

problems noted above. Ambitle Island is in several ways analogous to a seamount with the 

exception that it is not completely submerged, akhough its greater part is under water and 

during its history it may have been longer a seamount than an island. The hydrotherrnd system 

here clearly demonsaates the separation into sulfide mherdization, deposited at depth (Licence 

et al., 1987) and F e 0  oxyhydroxide mineralization, deposited at the surface. The mode1 that 

explains the generation of Tutum Bay hydrothemd fluids cm aIso account for elevated iron 

concentrations necessary for the precipitation of F e 0  oxyhydroxides and it seems that the 

absence of sulfur is one of the main factors that would promote the precipitation of a hydroxide 

phase at the expense of a sulfide minera.. 

4.5.1 A short note about minera1 exploration 

Island arcs, such as the Tabar-Feni arc, are favorable environments for the formation of 

epithermal ore deposits (e.g., Müller and Groves, 1993; Pichler and Hutchinson, 1993), and 

identification of anornalous chernical signatures in F e 0  oxyhydroxides may be used to 

explore for paleo-hydrothermal systems in ancient island-arc settings. In particular, the 



anomalous arsenic concentrations in Tuturn Bay Fe@Q oxyhydroxides would be of great 

interest if found during a geochemicd exploration program. homalous arsenic concennations 

have been linked to more than 20 economically important elements (Boyle and Jonasson, 

1973), including the precious metds, Au, Ag and Pt. The dennite role of arsenic in the ore 

forming process is unclear (Parker and Nicholson, 1990), nevertheless the work of Berger and 

Silberman (1985) and Silberman and Berger (1985) clearly documents its utility as a tracer in 

delineating areas of epithermal gold mineralkation. 

4.6 SUMMARY AND CONCLUSIONS 

With the exception of the unusually high arsenic values, Tuhm Bay Fe(m) 

oxyhydroxide deposits are in many respects sVnilar to deposits found in much deeper water. 

Their hydrothermal origin is suggested by a combination of field observations, chemical and 

mineralogical analyses. Precipitation from the hydrothemal fluid is due to with 

seawater. Mwng simultaneously increases the pH and Eh, and decreases temperature, all of 

which favor the precipitation of a Fe(TCC) oxyhydroxide. Based on measurements of 8 7 ~ r / 8 6 ~ r  

ratios in F e 0  oxyhydroxide and seawater, precipitation temperatures have been estimated to 

be between approxirnately 60 and 90°C. This temperature range is also in good agreement with 

previous snidies of F e 0  oxyhydroxide precipitation. 

Rapid precipitation and subsequent aging, in contact with seawater anaor a mixture of 

seawater and hydrothermal fluid (seawater » hydrothermal fluid), is the cause for the 

observed mineralogy. Rapid precipitation causes protofenihydnte to be the main mineral phase 

in Tutum Bay F e 0  oxyhydroxides. With increasing age and under oxidizing conditions 

nontronite, gypsum and various As-minerals are formed. 

Rare earth element patterns of Fe@) oxyhydroxides are closely controlled by the 

hydrothermal fluid and incorporation is without a noticeable fractionation. The absolilte 



concentration of RE= and selected trace elements (Rb, Tl, Sb and Cs) seems to be controlled 

by the extend of seawater mixing, as determined by the *srf6sr mixing model. 

Arsenic concentrations in Tutun Bay Fe(III) oxyhydroxides are by more than an order 

of ma,onitude higher than those fiom other marine occurrences. The high concentrations are a 

direct result of the strong sorption ability of the high specific surface materid, 

protofemhydrite, at a pH of approximately 7 and at sufficient arsenic concenhation in the 

hydrothermal fluid. Arsenic is successfully retained in the F e 0  oxyhydroxide deposits 

because oxidizing conditions and high arsenic concentration allow for the formation of discrete 

arsenic rninerals, such as claudetite, arsenic oxide and scorodite. 



5. CHANGES IN PEWSICO-CHEMICAL CONDITIONS 

The purpose of this shon chapter is to qualitatively assess and document the impressive 

changes in physicochemical conditions that lead to the distinct mineralogicd and chernical 

zonation in Tutum Bay hydrothermal deposits. Four distinct mineral phases were observed: 1) 

coane crystalline aragonite, 2) microsryscalline aragonite, 3) ferroan calcite, and 4) Fe(m) 

oxyhydroxide. tTrhile they generally occur in the succession coarse aragonite, microcrystalline 

aragonite followed by ferroan calcite and Fe(m) oxyhydroxide, other successions have dso 

been observed. In Fig. 5-1 a short penod of Fe(m) oxyhydroxide deposition is followed by 

deposition of rnicro-aystalline aragonite and again Fe@) oxyhydroxide. Ferroan calcite is 

absent in this sequence. The transition between the carbonate and F e 0  oxyhydroxide phases 

is sharp and considering an accumulation rate of approximately 1 cdyear, the period of F e 0  

oxyhydroxide deposition may have been as shoa as 7-8 days. 

A direct transition from large p seudo-hexagonal aragonite cry staIs to Fe(m) 

oxyhydroxide is docurnented in Fig. 5-2. This transition is extraordinary in the sense that it 

happened without the formation of a layer of microcrystalline aragonite, as generally observed 

(Fig- 3-3). The transition must have been abrupt and quite fast because the crystal faces of the 

aragonite are still smooth and do not show dissolution or recrystalLization features. The 

relatively chin Layer of material indicates a relatively shoa period of F e 0  oxyhydroxide 

accumulation. The sequence of precipitation continues with a layer comprised of a mixture of 

Fe(Iü) oxyhydroxide, aragonite and ferroan caIcite, the Iast one followed by a layer of Fe(m) 

oxyhydroxide and terminated by a layer of aragonite (Sequence a, b, c, d, e in Fig. 5-2b). 

A simila sequence is displayed in Fig. 53a, a backscatter electron image of a thin 

section fiom the same sample. The backscaîter electron imaging technique uses the intensity of 

backscatter electrons to create an image based on density differences: the heavier a mineral or 

material the brighter its color. Going from right to left the precipitation sequence displayed in 

Fig. 5-3a is ferroan calcite, F e 0  oxyhydroxide (Layer A), ferroan calcite and F e 0  



Fig. 5-1 (a) Stereo microscope photo micrograph of alternating layers of aragonite and F e 0  

oxyhydroxide in sample 4.1 (see also Fig. 3-2). The mineralogical succession is as foIlows: 1) 

coarse crystalline aragonite (gray), 2) micro-ayst&e aragonite (white), 3) Fe(IU) 

oxyhydroxide (red-brown), 4) rnicro-crystalline aragonite (white), 5 )  F e 0  oxyhydroxide. 

The scaie bar represents 5 mm. (b) Transmitted light photomicrograph of the distinct Fe(m) 

oxyhydroxide band in micro-crystalline aragonite (see above). Direction of crystal growth is 

from bottom io top. The F e o  oxyhydroxide levels the somewhat jagged crystd ends of the 

aragonite. Some staining and replacement is evident just below the F e o  oxyhydroxide Iayer. 

The scale bar represents 200 W. 





Fig. 5-2 (a) Scanning electron microscope secondary electron image of several large pseudo- 

hexagonal aragonite c~ystals that are completely covered by laîer generations of fine graineci 

aragonite and F e 0  oxyhydroxide. Part of the cover broke lose and exposed the larger 

pseudo-hexagonal crystal. (b) Ma-Med image of the rectangular area indicated above. The 

rnineralogical succession is as follows: a) coarse crystalline aragonite, b) Fe(IlI) oxyhydroxide, 

C) micro-cry s t a h e  aragonite, d) Fe@Q oxyhydroxide and e) micro-cry stalline aragonite. 





Fig. 5-3 (a) Scanning electron microscope backscatter eleciron image of a succession of 

ferroan calcite (ca) and F e 0  oxyhydroxide (fe-ox). The direction of rninerd accumulation is 

from the right to the left. Coarse crystalline aragonite is just to the right, outside of the image 

area The same area can be seen in transmitted light in Fig. 3 4  (upper arrow). The white 

circles indicate locations of electron microprobe analyses. @) Electron microprobe traverse 

across the succession of Fe@n oxyhydroxide, ferroan calcite and aragonite (see above). 

Values for Mn0 and Mg0 are multiplied by a factor of 10. Analyses are Iisted in Table 5-1. 





TABLE 5- 1 
MICROPROBE TRAVERSE ACROSS FE@I) OXYHYDROXIDE, FERROAN CALCITE 
AND ARAGONTI'E IN SAMPE FV4A (FIGS. 3-4 AND 5-3) 

No- Type Ca0 Ma@ Fe0 Mn0 Sr0 Ba0 Zn0 

FeCm) oxyhydroxide 

Fe(m) oxyhydroxide 

F e 0  oxyhydroxide 

Ferroan calcite 

Ferroan calcite & 
F e 0  oxyhydroxide 

F e 0  oxyhydroxide 

Fe(m) oxyhydroxide 

F e 0  oxyhydroxide 

Fe(m) oxyhydroxide 

Ferroan calcite 

Ferroan calcite 

Aragonite 

Aragonite 
-- - -- 

Note: Analyses performed using a CO, routine and reported in wt. %. 



oxyhydroxide (Layer B). The shading fkom light to dark gray in '2ayer A" clearly shows the 

earlier noted larnination present within Fe@) oxyhydroxides and demonstrates that Fe content 

is one of the factors responsible. Fe contents are higher in areas of brighter color (Fig. 5-3b 

and Table 5-1). The microprobe naverse across the Fe(m) oxyhydroxide - carbonate 

succession also demonstrates the extreme frac tionation between Fe and Mn. Ferroan calcite 

contains more Mn than the F e 0  oxyhydroxides, which can be explained by chan,ging redox 

conditions. Ferroan calcite precipitates under slightly reducing conditions and ~ e "  and Mi?+ 

are incorporated into its structure substituthg for Ca2+. This period is foIIowed by an abrupt 

change in mineralogy. Conditions must have remained slightly reducing Ieading to the 

precipitation of the Fe(m) oxyhydroxide with the highest Fe and lowest Mn concentration 

(analysis No. 9, Table 5-1). Going to the left within 'Uyer A", conditions become more and 

more oxidizing leading to a decrease in Fe and an increase in Mn. The lefi side of '2ayer A" 

(Fig. 5-3a) most Iikely represents a hiatus in precipitation. The meandering morpholog of the 

contact benveen F e ( m  oxyhydroxide and ferroan calcite may indicate a period when redox and 

venting conditions were in favor of Fe(Iïi) oxyhydroxide dissolution, but not in favor of 

carbonate precipitaiion. 

The observed changes in rnineralogy seem to be a direct response to changes in redox 

conditions that, in tuni, must be closely controlled by the extent of mïxkg between seawater 

and hydrothermal nuid. A plot of "srf6sr ratios in amgonite and F e 0  oxyhydroxides (Fig. 

5-4) demonstrates the control of seawater mixllig on the observed mineralogy. 8 7 ~ r / 8 6 ~ r  ratios 

and, tberefore, seawater mixing is always Iower for aragonite At more than 11% seawater 

admixed to the hydrotherrnal fiuid, Fe(IIi) oxyhydroxide precipitation commences. 

If mixing between seawater and hydrothermal fluid is the sole process responsible for 

the observed minerdogy then the sequence of precipitation would give a due to changes in the 

hydrology of the hydrotherrnal system. A change in discharge rate of the hydrothermal fluid is 

the only plausible explmation for the observed physico-chernical changes. Without chan,$ng 



Fe(l Il) oxy h yd roxi de- 

Aragonite 

Fig. 5-4 "Sr/ '%r ratios of aragonite (open circles) and F e 0  oxyhydroxide (filled squares) 

plotted vs. their respective amount of seawater fraction at the tirne of precipitation. (cf. Figs. 3- 

10 and 4-10). The dashed line indicates the boundary between aragonite and Fe (Q 

oxyhydroxide pre-cipitation. Above 11% seawater addition to the hydrothermal fiuid Fe(III) 
oxyhydroxide precipitates instead of aragonite. 
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the hydrothennal systems as a whole, supply of groundwater must be the controlling factor to 

explain a change in 

recorded in Tunirn 

ans wer- 

discharge rate. Thus extreme changes in local weather conditions may be 

Bay h y d r o î h e d  precipitates. Long term monitoring may provide an 



6 .  EIYDROTHERMAL FLUID DISSIPATION AND ITS EFFECT ON TUTUM 

BAY SEAWATER 

In order to investigate the effect of hydrothemal activity on organisms and ambient 

seawater in Tutum Bay it is necessary to determine the chemical continuity between the 

hydrothemd fluids and seawater. The discharge from a hydrothermal vent is relatively 

insi-gifuxnt when compared to the amount of seawater present in Tutum Bay. Nevertheless, 

its effect on Tutum Bay seawater is enhanced as a consequence of different chemicd 

composition. This is a process similar to the discharge of indusûial ernissions from smoke 

stacks into air. The verticd and horizontal extension of a hydrothermal plume cm be mapped 

by use of hydrographie, optical and chemical tracers, utiking the difference in chernical 

composition between plume and seawater. 

From studiesof hydrothemal plumes over spreading-center axes we know that %black 

smokei' fluids are rapidly diluted with ambient seawater by factors of 10' to 10S Gupton et al., 

1985). Subsequently, due to density differences, they generalIy nse to a level of neutral 

buoyancy at which they can spread laterdy as a distinct hydropphic and chemical layer of up 

to thousands of kilometers (e.g., Lupton and Craig, 198 1). 

6.2 ANALYTICAL METHODS, SAMPLING AMD RESULTS 

Seventy-five (75) seawater samples were collected for chemical analyses throughout the 

bay at the bottom, in mid water and at the surface at varying distances fiom vent sites in order 

to reconstnict the dissipation of the hydrothermal plume and its influence on the seawater 

composition in Tutum Bay. Samples were taken through a ~algene@ tube that was lowered 



from the surface to the depth of sampling. In order to avoid contamination severai tube 

volumes were discarded before taking the acaial sample. Horizontal distance from vent sites 

was deterrnined with ropes and buoys. At the time of sarnpling no water movement (curent) 

other tha that caused by the hydrothermai vents themselves was observed. These samples 

were filtered to < 0.45p-n and acidified with ultrzpure HNO, for later laboratory analyses and 

stored in high density polyethylene bottles. Si was analyzed by ICP-ES and results are Listed in 

Appendic 1. 

Throughout the samph,o penod several samples of de-ionized water were treated in the 

same way as the vent samples, i.e., mtered, acidified and füled into high density polyethylene 

botties. These samples were Later analyzed together with the vent samples in order to check for 

possible contamination. 

The contour maps of the hydrothermal component concentration in Tutum Bay seawater 

(Figs. 6-1 and 6-2) were constructed using silica as a mcer and assurning conservative 

behavior and linear mixing. Relative to seawater, silica showed the highest concentration in the 

hydrothermal fluids (Table 2-5). The hydrothemial component in Tutum Bay seawater was 

calculated using a simple mass balance equation: 

where Gw is the silica concentration in Tutum Bay seawater, C,, the silica concentration in 

reference seawater and C, the silica concentration in the hydrothermal ffuid. The contour maps 

(Figs 6-1 and 6-2) were generated using the cornputer proa- surfer@ by Golden Software 

and kriging was used for interpolation between and extrapolation from data points (Bardossy 

and Bardossy, 1984). 
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Fig. 6-1 Mode1 of hydrothemal component in (A) surface and (B) bottom water in Tutum 

Bay in %. The darker colors indicate higher hydrothemal component. The letters E (east), W 

(west), N (north) and S (south) in (A) indicate the location of the two crossection models in 

Fig. 6-2. 
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Fig. 6-2 Cross section models of hydrothermal component in Tuturn Bay water in E-W and 

N-S direction. The Location of the crossections is indicated in Fig. 6-1. The darker colors 

indicate higher hydrothemal component. Suggested hydrothemal convection cells are 

indicated by dashed lines. 



6-3 RESULTS AND DISCUSSION 

The physicochemical conditions of plume formation in Tutum Bay are drasticaliy 

different:from those in mid-ocean environments. The temperame agadient in Tumm Bay where 

arnbient seawater is - 30°C and hydrothemal fluids are < 100°C is much srnaller than the one 

between seawater - -2°C and hydrothermal fluid - 350°C at a black smoker. Relative to 

seawater, Mn is e ~ c h e d  by up to 106-fold in most black smoker-type hydrothermal fluids 

(Von Damrn, 1990) and is, therefore, the preferred tracer to rnap the extension of hydrothermd 

plumes. At Tutum Bay, however, Mn was not suited as a iracer because the vent fluids are 

much less e ~ c h e d  and show a sibonificant concentration difference between area A and area B 

(Table 2-5). The use of Fe as a tracer was discarded on the sarne basis, which left only Si to 

construct the plume model. 

The bottom water in Tutum Bay shows varying degrees of hydrothermal component 

and values range from 0.05 and 0.308 (Fig. 6- 1). The small area just below vent 2 shows the 

highest concentrations, but this is an area where hydrothermal fluids seep through the sandy 

bottom at very low discharge rates. The low concentrations of hydrothermal fluid in the bottom 

water are not surprising given the physicochemical conditions of fluid discharge. The vent 

fluids have a salinity < 3%0, which combined with their discharge temperature of - 90°C, 

makes them buoyant relative to seawater. As a result the hydrothermal fluids quickly N e  to the 

surface (Fig. 1-4) and the surface water shows a hydrothermal component up to 10 times 

higher in concenû-ations than the bottom water (Fig. 6-1). Only little rnixing occurs with 

ambient seawater in the immediate proxirnirj of vent orifices. The overall distribution of 

hydrothermd component is most likely controlled by two processes: 1) diffuse low rate 

discharge of hydrothermal fluid and 2) the development of hydrothemal convection cells 

within the bay due to temperature differences (Fig. 6-2). 

It is important, however, to realize that the fluid dissipation model presented in Figs. 6- 

1 and 6-2 are only a snapshot in space and time of a very dynarnic system. At times discharge 



rates may be much higher or lower resulting in a Merent concentration of hydrothermal 

cornponent. Nearshore currents, aldiough none were noticed while sarnpling, may be present at 

other times rnodifjring the plume dispersion pattern. 

Of potentiaily poisonous ûace metals that are released into TUW Bay only arsenic has 

a siamcantly higher concentration than seawater. In particular, Asm-compounds are known 

to have a genotoxic potential (Gebel et al., 1997). The hydrothermd fluids contain exuemely 

high arsenic concentrations of more than 800 ppb and the combined discharge of all vents is 

estimated to be more than 1500 g of arsenic per day into an area of approximately 50 by 100 m 

wiîh an average depth of 6 m. These values are the highest arsenic concentration reported from 

any marine setthg, including black smoker fluids from mid-ocean ridges. Despite the amount 

of arsenic released into the bay, corals, clams and fish do oot show a direct response to the 

elevated values. Fish have been observed to hover over vent orifices bathing in the 

hydrothermal fluid. The diversity and health of the coral reef is indiscemible from reefs that are 

not exposed to hydrothermal discharge. The skeletons of sc1eractiinia.n corals and the shells of 

Tndacna gigas clams do not show elevated concentrations of arsenic or other trace metals when 

compared to specimens collected from outside Tunim Bay (see Chapter 7). 

Two mechanisms eficiently control and b a e r  the arsenic concentration: (1) dilution by 

seawater and (2) incorporation in and adsorption on F e 0  oxyhydroxides that precipitate 

when the hydrothermal fluids m.k with ambient seawater. The hydrotbermal fluids have a pH 

of -6 and are slightly reducing. Mixing with seawater increases the pH and redox potential and 

under these conditions As is readily adsorbed by F e 0  oxyhydroxides (Pierce and Moore, 

1980). Subsequent to precipitation, oxidation of AS% to its pentavalent state sibonificantly 

decreases its reactivity and genotoxicity (Gebel et al., 1997). 

Ii is important to note that whenever it is assumed that changes in the hydrothemial 

system may have caused a response in the ambient coral reef only increased discharge rate was 

considered while all other parameters were assumed to remain constant (i.e., temperature, 

element concentration). That may be suEcient for the purpose of d i i s  exploratory study, but it 



is important to understand that these parameters may drastically change at times. Higher 

discharge rates may reduce discharge temperatures if, after heavy rainfalls, hcreased 

groundwater recharge dilutes a possible deep chloride fluid already in the subsurface. Increased 

discharge rates due to volcanic aciivity, on the other han& should increase venting temperature 

and the concentration of dissolved constinients. Tutum Bay offers a natural laboratory where 

long rime monitoring rnay provide conclusive answers to many coral reef related questions, 

such as the response to input of potentially poisonous compounds andlor changes in 

temperature, sdinity and carbonate saturation state. 

6.4 SUMMARY AND CONCLUSIONS 

Compared to seawater, the hydrothermal fluids are depleted in Cl, Br, SO,, Na, K, Ca, 

Mg, and Sr and enriched in HCO,, B, Si, Li, Mn, Fe, Rb, Cs, Sb, Tl and As. Although some 

elements are significantly ennched, they do not have a clear impact on arnbient seawater 

composition because their concentration is buffered by mixing and uptake into secondary 

minerais. 

Plume dispersion is quite different to that observed above mid-ocean spreading centers. 

Initial density differences, compositional gradients, temperature a@ients and water depth 

prevent the formation of a buoyant plume. Ody the surface water in Tutum Bay caries a clear 

imprint of the hydrothennal fluids. 



7. EFYDROTHERMAL EFFECTS ON TUTUM. BAY CORALS 

7-1 JNXODUCTION 

Coral reefs are sensitive ecosystems where complex interactions of biotogical, climatic, 

and oceano,graphic factors influence reef growth. The rnost important environmental variables 

are sea level change, carbonate mineral saturation state, temperature, visible light, ultraviolet 

Light, currents, waves, sedimentation rates, salinity, nuhients and anthropogenic stresses 

(Smith and Budderneier, 1992). The skeleton and tissue of reef c~rals contain physical and 

chernical proxy signais of the sunounding environment. Their applicabiliv as environmental 

recorders benefited from the discovery of annual density bands (Knutson et al., 1972) that 

enabled construction of chronologies that are in many ways analogous to those obtained frorn 

&ee rings. Variations of trace elements and isotopes dong their growth axis can thus be used to 

provide information about changing environmental conditions. For exarnple, the concentrations 

of trace elernents in the aragonite skeleton of cords have been used to investigate the %tory of 

anthropogenic metal input into the ocean (eg., Dodge and Gillbert, 1984; Shen and Boyle, 

1987), 6180 to obtain information about sea surface tempera= (SST) ana oxygen isotopic 

composition of seawater (Weber and Woodhead, 1972), and the 613c to decipher patterns of 

light availability associated with the seasonal cycIe of insolation, depth and cloudiness to 

evaiuate the symbiotic relationship between corals and their zooxanthellae (e.g., Carriqujr et 

al., 1994; McConnaughey, 1989a). 

Among coral reefs in the proximity to hydrothermd systems (e.g. Heikoop et al., 

1996b; Tornascik et al., 1996), the fringing reef around Ambitle Island, Papua New Guinea, is 

possibly the one, which is subjected to the highest discharge rates of hydrothemal fluids. 

Isotope and trace element measurements of cord skeletons aim to trace the hydrothermal input 

into the reef and to determine its possible impact on coral metabolism. A comparable study of 

organisms living near deep-sea hydrothermd vents, trachg the biological uptake of isotopically 



distinct hydrothemal nutrients and the utrlization of chemosynthesis as a nutritional strategy, 

has been published, for example, by Conway et al. (1994). 

One Tndam gigar (T-1) and eight Pontes lobata samples, C-1 to C-8, were collected 

throughout Tuturn Bay at varying distances from vent sites in April, 1996. AU samples were 

collected from depths between 6-9 m. C-29 is the "non-hydrothermal" reference sample and 

was collected approximately 10 h north of Tutum Bay (Fig. 1- 1). C-4, C-7 and C-8 were 

sampled as cornpiete corai heads and alI other samples represent cores dnlied (-2.5 cm a) 
dong the main growth axis- 

The cord slabs and cores were cut into three pieces dong their growth mis. The center 

piece of approximately 5 mm thickness was x-rayed to obtain growth rate information and 

subsequently sampled for carbon, oxygen and s~oontium isotope analyses. Where possible, 1 

sampled approximately the last two years of coral growth by sampling every 1 mm of skeleton 

dong the growth mis using a micro-drill. Samples were only pretreated in areas of externe 

organic contamination and were taken over a l l  skeietal elements (cordite walls, septa, etc.). 

Sarnple size was approximately 0.3 mg for al1 samples. See Appendix 2 for more details. 

Carbon and oxygen isotope analyses for corals were performed at McMaster University 

on a VG SlRA II. Precision was tested using an intemal coral standard and was 0.04%0 for 

carbon and 0.03%0 for oxygen. All results are reported in standard delta (6) notation in per mil 

(%O) units, relative to the PDB standard. The TridcrauI sample was treated and prepared 

identical to the cord samples and anaiyzed at the G. G. Hatch Isotope Laboratory, University 

of Ottawa * '~r / '~sr  were measured on a five collecter Finnigan MAT 262 solid source m a s  

spectrometer at the Institur fiir Geologie, Ruhr Universitat, Bochum following Buhl et al. 



(199 1) and Diener et al. (1996). The average of 100 repeat measurements for the NBS 987 

standard was 0.7 lO224f:O.OOOOO8. 

Followinj McConnaughey et al. (1997a), isotopic equilibnum for coral aragonite was 

calcdated using the equations of Romanek et al. (1992) for carbon and Grossman and Ku 

(1986) for oxygen: 

and 

6, and 6, are expressed in PDB and SMOW, respectively and t is temperature in OC. 

Analyses of carbon-coated, polished sections were perfomed on the Guelph proton 

microprobe. Polished sections were prepared fiom 2 mm thick slabs that were cut with a 

dîamond saw fiom pieces direcùy facing the coral slab that was used for isotope analyses. The 

slabs were sonicated, extensively rinsed with de-ionized water and impregnated with epoxy 

resin before polishing with duminum powder. Any skeletd imperfections or micro-borings 

were clearly visible in reflected light microscopy and avoided during analyses (Allison and 

Tudhope, 1992). 

Analyses were conducted on spots of approximately 5 pm diarneter, using a 3 MeV 

beam and an Al Nter in order to attenuate the dominant Ca peak. The instnunent constant H 

was detennined using the accurately known Sr and Fe contents of U.S. Geological Survey 

(USGS) BHVO-I basdt standard, fused to a g l a s  Count times were about 6 to 10 min and 

total element concentrations were evaluated with the GUPIX software package (Maxwell et al., 

1989; Maxwell et al., 1995). Sarnple locations were chosen parallel to the growth axis, directly 

opposite of areas that were driUed for isotope analyses. Sarnple numbers for isotope and proton 

probe spots correspond to each other in such a way that the proton probe point C-1 (1 mm) is 



at the same relative location as isotope analyses C-l (1 mm). See Appendk 2 and 2 for more 

details . 

7.3 RESULTS 

7.3.1 Coral growth rates 

Density banding is only moderately weU developed in these corals and subannual bands 

are common. This density pattern is likely a result of the relatively uniform equatorial climate. 

It was, nevertheless, possible to extract growth rate infornation from these corals (Table 7-1). 

The listed growth rates are the average of the most recent two years of skeletal deposition and 

range from 9 to 20 mm per year. There is no sibonificant correlation between coral growth rate 

and the arnount of hydrothermal input experienced by each coral (Figs. 7-1 and 7-2). The low 

growth rates of sample C-7 likely reflect the fact that it is a juvenile individual. Sample C-1, 

with the highesr growth rate, has a skeletal banding that is distinct from the other samples. 

Some of the corals receiving the greatest amount of hydrothermal input (C-8 and C-4) have 

amongst the highest growth rates, while the control coral has the second lowest growth rate of 

the entke suite. In general, no clear relationship between coral growth and maDetude of 

hydrothermal input can be recobOniZed. A high density band appeared to be forming at the tirne 

of collection in each of the corals. The high density band, therefore, was used as a 

chronological marker, representing the month of April, when interpreting isotopic records (Fig. 



TABLE 7-1 
AVERAGE ISOTOPIC COMPOSITION, GRûWTH RATE, 
STRONTIUM CONCENTRATION AND HYDROTHERMAL 
INFLUENCE FOR TUTUM. BAY BIOGENIC CARBONATES 

Coral Growth p c  P O  8 7 ~ r / 8 6 ~  r Sr Hydrothermai 
per Year hput  

Unit mm %O (PDB) %O (PDB) PPm % 

C- 1 20 -2.6 -4.8 n.d. 7499 0.08 
C-2 12 -2.6 -4.9 n-d. 7923 0.11 

C-3 10 -2.7 -4.9 n.d. 7466 O. 14 

Note: The complete data sets are listed in Appendices 1 and 2; 
n.d. = not determined; Max. error for strontium isotope values is 
M.000009 2 Standard Errors. 
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Fig. 7-1 Sarnple locations for T m  and coral samples that were coilected in Tutum Bay. 

Locations are indicated (X) and supenmposed on the mode1 of hydrothermal component in the 

bottom water (Fig. 6-1). The darker colors indicate higher hydrothermal component. 



Fig. 7-2 Plot of mean 8'0, 613c, Sr concentrations and growth rates vs. calculated degree of 

hydrothermal component (HC) in the Tuturn Bay seawater. 
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Fig. 7-3 6180 and 613c vaiues of coral skeletons C-3, C-8 and C-29 ('bon-hydrothermal" 

coral) versus distance from the top of the corallum. Locations of high density bands are 

indicated (dashed line). The top of the skeleton and each high density band represent primary 
skeletal deposition during the month of Apnl. The distance between the top of the skeleton and 

each subsequent high density band, therefore, represents one year of skeletal deposition. 



7.3.2 Isotopes 

Oxygen and carbon isotope data are presented pphically in Figs. 7-3 and 7-4. Daia 

summaries are provided in Table 7-1 and the whole data set can be found in Appendix 2. 613c 

ranges from 4.5 to -1.O%= and 6180 frOm -6.0 to -3.8% for c o d s  from Tuhm Bay. The 

"non-hydrothemal" sample, C-29, has 613c values ran-ging fiom -1.8 to -0.5%~, and 6180 

values of -5.4 to -4.6%~. The 6180 values for this specimen are within the range of Tutum Bay 

corals; 6 " ~ ,  however, is generally enriched (Fig. 7-4). In 6180 vs. 6 ' ) ~  space it can be seen 

that many of the cor& smdied plot as nearly distinct fields, representing distinct isotopic 

signatures (Fig. 7-4 and Appendix 2) .  There is a sia@f?cant positive correlation between 613c 

and 6''0 for the entire data set (including (2-29; -0.33, p<0.01). 

Selected exarnples of isotopic meanirernents versus distance into die skeleton are 

s h o w  in Fig 7-3. C-8 represents a cord which receives high amaunts of hydrothemal input 

compared to other sarnples (Fig. 7- 1 ), C-3 represents a coral growing irnmediaîely adjacent to 

Vent 1 which has the highest hydrothermal discharge (although the benthic waters surrounding 

this coral have relatively low hydrothemal content), and C-29 displays isotopic data for die 

control sample. There is only weak evidence for a clear m u a .  cyclicity in these cords. 6180 

generally shows an annual range of approximately 0.5%0 and GL3C varies about 1%0 in each 

sarnple. Only coral C-3 shows a high degree of correlation between 6180 and 6'" records (r= 

0.79, pc0.01). C-3 also shows the greatest annuai range in isotopic variation of the corals 

studied (Fig. 7-3). 

No si,@ïcant correlation exists between mean 6180 and either growth or mean 8 " ~  for 

the nine corals sampled. A si,@ïcant cornlaiion for 6180 with the degree of hydrothennal 

input, however, does exist if sample C-29 is excluded (r= -0.712, p4.05) (Fig. 7-2). Average 

613c values of Tutum Bay cor& show no significant correlation with coral growth rate, but a 

si,@ficant relationship exists with the degree of hydrothennal input if sample C-29 is included 

in the correlation (r= -0.673, pc0.05). 



Fig. 7-4 Plot of calculateci paleotemperature vs 613c for alI corals. Dashed lines hdicate 

nacural climatic range in temperature at the site and the solid line the temperature at the tirne of 

sarnpling. Values above the upper clirnatic boundary are thought to result from additional 

hydrothemal warming. See text for equation and assumptions used in calculating 

paleotemperanues. Individual corals plot as nearly distinct fields, representing distinct isotopic 

signatures. The staîistical significance is explored in Appendix 3. 



Samples that showed either relatively high or low 6180 and 613c values were analyzed 

for 8 7 ~ r / 8 6 ~ r .  Results for these samples are listed in Table 7-2 and ,oraphically displayed in 

Fig. 7-5. Ratios range from 0.70914 to 0.70924 and are very close to the values for local 

seawater 0.709 18&0.00QOQ9 (Table 2-3). No si,@fïcant correlation exists between 8 7 ~ r / 8 6 ~  r 

and 6180 or 813c. When compareci to the "non-hydrothermal" coral sample, both samples from 

Tutum Bay (C-5 and C-8) show a si,gnïficandy lower "srP6sr (Fig. 7-5). 

The Trülarna gigas sample (T-1) experienced hydrothermal influence comparable to 

coral samples C-2 and C-6. 613c and 6180 values do not correlate and hardly deviate beyond 

their analytical error (Appendïx 2). 6'*0 values range from - 1.84 to -2.16% (mean - 1.9%0) and 

6I3c range fiom 1-96 to 2.24% (mean 2.1%0). As expected for adult Tr idam cIams (e.g., 

Romanek and Grossman, 1989), no annual cyclicity has been observed and, therefore, it is not 

possible to direcùy correlate records from T-1 with those from the coral samples. 6% growth 

temperatures were cdculated using the temperature equation from Grossman and Ku (1986) 

and foUowing Romanek and Grossman (1989). Temperature values range from 29.8 to 3 1.2OC 

and are in good agreement with the field measurement of 29.3"C and the annual temperature 

range in the area (Fig. 7-4). 

7.3.3 Trace elements 

In proton microprobe analyses the LOD @mit of detection) is element specific and 

count rate dependent and, therefore, can change from analyses to analyses. Detection Iimits in 

ppm were: As (1 -2-3.4), Ba-16.1-47. l), Br (1 .24 ,  Co (9.2-15.2), Cr (1 1.5-24.5), Cu (1.5- 

2.5), Fe (3.4-6.3), Ga (1.3-3.7), Ge (1.2-3.4), Mn (5.8-12.1), Mo (1.5-3.9), Nb (1.3-4), Ni 

(1.8-4.3), Pb (3.9-8.7), Rb (1.3-4.3), Se (1.2-3.7), W (4.8-9.6), Y (1.4-4.6), Zn (1.3-9) and 

Zr ( 1 7.4- 129 -2). At standard experimental conditions, as described above, most elements 

(2522) were below their respective detection limit given acceptable counting times of 

approximately 10 minutes. Concentrations of As, Co, Cr, Ga, Ge, Mo, Nb, Ni, Pb, Rb, Se, 



TABLE 7-2 
CARBON, OXYGEN AND STRONTIUM ISOTOPIC COMPOSITION FOR 
SELECTED SAMPLES FROM TUTUM BAY BIOGENIC CARBONATES 

Sample Point 0 1 3 ~  6"0 8 7 ~  r k 2 Standard 
(mm) (%O) (%O> Error 

Note: The complete data set for oxygen and carbon isotopes is listed in 
Appendix 1. 
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Fig. 7-5 Plot of "sr/% VS- calculated degree of hydrothermal component (HC) in the TUW 
Bay seawater for samples C-29, C-5, C-8 and T- 1. The dashed line represents the mïxhg line 

for 87~r/%r between local seawater (HC=O%) and hydrothermal fluid (HC=100%). The inset 

graph is a mabonification of the area of interest Here empty diamonds represent the 

measurements and filIed diarnonds are the means for individual samples. 



W, Y and Zr were always below their respective detection limits. Ba, Br, Cu, Fe, Mn, and Zn 

were detected in some samples, but due to their scarcity element to element correlation was 

impracticable. Br was detected in the lower parts of C-8 and throughout C-29. Sr was detected 

in aIl sarnples and its concentration ranged from 6967 to 8236 ppm with a mean of 7642 ppm 

(n=53. o=239)- The Sr concentration in the control sample C-29 is higher than in most of the 

corals from Tutum Bay Fable 7- 1 and Appendix 3) and Tutum Bay corals do not fall into 

distinct grooups as observed for 613c and 6 1 8 ~ .  

In the Tridacna gigas sample (T-1), Sr was the only element detected. Concentrations 

ranged from 11 11 to 1343 with a rnean of 1215 ppm (o=66). There is a siapificant correlation 

between Sr and 6°C (n=l 1 , r=0.74) and no correlation between Sr and 6"0 (n= 1 1, rd-04).  

7.4 DISCUSSION 

7.4-1 Growth rate 

It is perhaps not surprising that there is no clear effect of hydrothemd fluids on coral 

growth rate measurements. While annual temperature and insolation cycles are thought to affect 

density band formation and annual growth rate, common growth and density patterns may be 

lacking even between corals within a single reef in which climatic vanables are relatively 

unifonn (Zcough and Barnes, 1992). Given this n a t d  tendency towards variation in growth 

parameters within relatively homogeneous environments, it is unlikely that clear relationships 

would be found widiin the very heterogeneous system studied here. In general, it is thought 

that higher ambient temperatures result in higher linear extension rates (eg., Weber et al., 

1975). Although growth rate trends are not clear, samples C-4 and C-8, which experience the 

most hydrothermal input, do have arnong the highest growth rates of the corals examined. 

Cord C-7 also experiences high degrees of hydrotherrnal input, but is a juvenile sarnple. 



Variations in growth rates cannot be ignored in this study, because they have the potential to 

affect isotopic signatures (Allison et al., 1996; Heikoop, 1997; McConnaughey, 1989b). 

The lack of annual cyclicity in isotope data (Fig. 7-3) possibly reflects buffenng of 

temperature and 6180 of bay waters by the constant hydrotherrnal input. Yet, aven the lack of 

cyclicity in the record of coral C-29, it is likely that the relatively uniform isotopic records 

merely reflect the relatively uniform quatonal clirnate. Annual temperature variations are only 

on the order of 2.5 'C (Fig. 7-4). Assuming a temperature dependence of approximately 

-0.22"C per 1 % ~  (Camqujr et al., 1994), the observed annual 6180 variation in Tutum Bay 

corals would approximately match this temperature range. Inaa- and interannual 6' '0 

variations in other Papua New Guinea corals have been amibuteci to variations in the input of 

isotopically depleted rainfall (Aharon, 1991; Tudhope et al., 1995). Rainfail at this site has a 

6"0 value of approximately -5%. This may be suficiently depleted relative to seawater to 

account for some of the obser-ved cord 6"0 variation. 

Of greater interest, however, are the distinct isotopic signatures of many of the cords 

and their correlation with the degree of hydrothermal influence. The 6180 values for the Tutum 

Bay corals are within the measured range for shallow water (cl0 m) rnembers of the genus 

Purites (e-g., Aharon, 1991; Allison et al., 1996; Carriquiry et al., 1994; Gagan et al., 1994; 

Klein et al., 1992; Linsley et al., 1994; McConnaughey, 1989b; McConnaughey, 1989a; 

McCuIloch et al., 1994; Patzold, 1984; Quinn et al., 1996; Tudhope et al., 1995; Wellington 

and Dunbar, 1995). Corals with similar, or even more depleted 6180 values than Tutum Bay 

corals, tend to grow in areas with high sea surface temperatures or abundant input of 

isotopically light rainfall or flood waters (e.g., Gagan et al., 1994; Wellington and Dunbar, 

1995). 



The 613c values of Tunim Bay corals are amongst the most depleted when compared to 

records from the above referenced studies. Only cords experiencing thermal stress or greatly 

reduced light avdability (photosynùiesis) have values as low as those seen in coral C-8 (e-g., 

AUison et al., 1996; Gagan et al., 1994). Generally, FL3c values of vent fluid affected cor& 

are distinctly lighter than those of other Pontes from Papua New Guinea (Tudhope et al., 

1995). The "non-hydrothermal" coral (C-29), however, has similar 6180 and 613c values. 

For corals c o k t e d  in such a restricted area, from approximately the same depth, the 

range in isotopic vdues is quite large. The fact that some corak plot as distinct fields would 
* 

seem particularly unusual if environmental conditions were relatively homopnous throughout 

the bay. It is dEcult  to compare these results to odier published studies because rnost isotopic 

work on corals involves longer records from fewer individuals. It is not unusual, however, for 

corals fron a single reef to have distinct isotopic signais, particularly in 613C (e-g., Camquiry 

et al., 1994)- 

6 " ~  and 6180 values of the Tridacna gigas sarnple fa11 within the range reported from 

otfier studies (Aharon, 1 99 1). 

Variations in 6"0 The main potential sources of variation in 6180 are displayed in 

Figure 7-6. Some of the variation could be due to differences in isotopic equilibriurn as 

determined by temperature and 6180 of the water mass (see eq. [6-21). Additional variation 

could d s o  be caused by different growth rates between and withùi individual corals. Growth 

rate variations may cause isotopic d i ~ e q u i l i b ~  due to kinetic isotope effects, leading to a 

simultaneous discrbination against the heavy isotopes of oxygen and carbon during the 

hydration and hydroxylation of CO, during calcification (McConnaughey , l989b). In pneral, 

higher growth rates lead to greater isotopic depletion in both 613C and 6180 of coral skeletons. 

These kinetic isotope effects, dong with metabolicl photosynthetic effects, are thought to be the 

source of disequilibrium "vital" effects in coral skeletons (McConnaughey, 1989b). 



Photosynthesis 1 - 
Fig. 7-6 6180 vs 6I3c of Tutum Bay (C-1 to C-8) and reference (C-29) corals. Isotopic 
equilibnum has been calculated using equations @en in the text. 6180 of the water mass has 
been taken as 0.45%~. The range in oxygen isotopic equilibrium represents a possible 
temperature range fiom 27.8 to 33.3"C. The lower value is the lower climatic limit for this site. 
The upper value represents the upper climatic limit plus three degrees for possible hydrothermal 
warming of the benthic waters surrounding strongly vent affected corals (see text and Fig. 7-2, 
for a discussion of the potentid magnitude of hydrothermal warming). The range in carbon 
isotopic equilibrium values represents a possible range in 613c of DIC. The upper value is 
calculated ftom a measured open ocean seawater DIC value of 1.2%0. The lower value assumes 
a 10% contribution of hydrotherrnal fluids with 6 " ~  of -I%o, giving a minimum value of 
approximately 1% for DIC of benthic bay waters (Le. equilibrium should be between 3.7 and 
3.9%0). This may greatIy exaggerate the impact of hydrothermal fluids on 6I3c of DIC as actual 
calculated hydrothemal inputs at 0.5 m above the bottom are significantly lower than 10 
percent (see Fig. 7-1). Possible causes of isotopic variation are illustrated in this fi,we: 1) 
variations in isotopic equilibrium (field marked EQ); 2) cord growth rate (isotopic variation 
will occur dong the trend delineating kinetic isotope effects, KIE); and 3) differential "C 
e ~ c h m e n t s  related to the degree of photosynthesis. Note that most samples plot to the nght of 
the kinetic isotope effect line suggesting net autotrophy. 



The most likely cause of the spread in oxygen isotope values between corals is variation 

in water temperature due to hydrothemal input. Higher temperatures lead to lower values of 

6180 in the aragonite skeleton of corals. In Fiawe 7 4  the paleotemperature equation for Pontes 

lubota of Carriquiry et al. (1994): 

was applied to convert &"O values into paleotemperatures, using the average 6180 vaiue of 

Tutum Bay seawater (6,=0.45%0 SMOW) under the assumption that there is no variation due 

to kinetic isotope effects. Most of the data, including that fiom C-29, plot either within the 

average climaiic range for this site, or up to four degrees above the chnatic maximum. The 

corals that expenenced the most hydrothermd input tend to be the ones with the most elevated 

pdeotemperatures (e-g. C-4 and C-8). Given the Iack of variation in 6180 of the water mass at 

the bme of sarnpling, the isotopic depletion observed in the most affected corals cannot be 

easily attributed to different 8'0 values of Tunim Bay waters. Vent waters, however, are 

depleted in 180 - -5%0 ) and some variation may be attriibuted to this source, particularly 

for smdler sarnples growing closer to the substrate. 

The overall positive correlation between 6180 and 6°C and the generd trend of the data 

towards average isotopic equïlibrium could be taken as evidence for strong kinetic isotope 

effects in the data set (Heikoop, 1997; McConnaughey, 1989b). The lack of correlation 

between mean V80 and growth rate, however, suggests that in the case of skeletal VO at 

least, these effects may be of secondary importance. 6180 records in corals are not directly 

affected by metabolic processes such as photosynthesis and respiration. Evidence that growth 

rate variations modïfjr the hydrothennal signal to some degree can be found in sample C-3. 

This coral has relatively heavy values relative to the amount of hydrothermd input experienced 

(Fig. 7-2) and its slow growth rate may be responsible for the enriched signal. The Iow 



temperature values calcuiated from subsamples of coral C-3 (Fig. 7-4) may, therefore, also be 

a result of slow growth. 

Calcul& paleotemperatures for strongIy vent afkcted corals, however, have to be 

regarded- as maximum values. Lower 6% of suounding seawater and kinetic effects 

associated with higher gowth rates (Table 7-l), Likely contribute parciaily to the observed 

isotopic depletion (and therefore to higher calculated temperatures). 

The small 6180 variation observed in T-1 is as expected for mature Tridam clams 

(e-g., Aharon, 1991; Romanek and Grossman, 1989) and the calculated 6180 

pdeotemperatures (29.8 to 31.2"C) should be a good estimate of the average seawater 

temperature in Tutum B ay. 

Variations in 6 ' ) ~  Potential sources of variation in skeletal 613c include equilibriurn 

effects, kinetic isotope effects associated with variation in gowth rate and metabolic effects 

associated with the degree of photosynthesis (Fig. 7-6). Of these factors, reduced 

photosynthesis resultuig from themal stress associated with hydrothemal input is likely to be 

the most important. 

Photosynthesis (P) by zooxanthellae in cords preferentiay assimilates the Iight isotope 

of carbon ("c) leaving the intemal pool from which calcification occuis (internai DIC pool) 

enriched i d 3 c .  On the other hand, respiration (R) by cords enriches the intemal DIC pool in 

''C (see reviews in Caniquiry et al., 1994; McConnaughey, 1989b; Swart, 1983). Most of the 

cords in this snidy plot to the right of the kinetic isotope line, indicating that they are net 

autotrophs (PR > 1) (McConnaughey, l989a). The nearly sibanificant relationship between 

613c and degree of hydrothermal input (Fig. 7-2) may reflet the effect of hydrothemial fluids 

on photosynthesis. When compared to sample C-29 and to Pontes from other locations, the 

very low 613c values of Tutum Bay corals suggest that decreased photosynthesis as a result of 

coral stress could be an important factor. 



Elevated water temperature ancilor depressed salinity are common stressors that, 

depending on the time and degree of exposure, may cause coral death (Coles and Jokiel, 1992; 

JokieI and Coles, 1990; Smith and Buddemeier, 1992). Changging discharge rates of the 

hydrothemal sprïngs and local currents have a great impact on the temperature and salinity 

re=@ne and, therefore, may affect growth and demise of adjacent corals. As temperatures 

increase above photosynthetic optimum bot5 photosynthesis and respiration increase. 

Respiration, however, increases at a faster rate (Swart, 1983) and as a result P/R becornes less 

than unity and skeletal 613C will decrease (Carriqujr et ai., 1994; S wart, i 983). It is possible 

that the higher temperames experienced by the most strongly affected vent corals, as infened 

from oxygen isotopic data, might therefore also indirectly lead to lower values of 613c. The 

pdeotemperaiures s h o w  in Figure 7-4 are beyond the normal upper limit for cords and are 

high enough to result in coral stress (Jokiel and Coles, 1990). It seems that benthic 

waterjsubstrate temperatures control reef disûibution at this site (i.e. coral cover vs. sand 

cover), suggesting that thermal stress is an important factor controfing coral health in the bay. 

Variations in light availability codd dso affect the photosynthetic potential. Vent fluids 

cause a shimmering effect when released into Tuturn Bay and cause scattering of downward 

irradiance. It is conceivable that corals influenced most by vent fluids might receive less 

irradiance and, bence, exhibit lower photosynthesis and skeletal 613c. 

Equiïbrium effects are unlikely to be an important cause of the observed variations. 

The 6')~ of the DIC (dissolved inorganic carbon) of vent fluids (- -1%0 ) is only slightly 

depleted relative to seawater and the amount of hydrothermal fluid present in Tutum Bay 

seawater is smd.  The temperature variations inferred from the oxygen isotopic records should 

have little direct effect on 8% of the coral skeletons. Equilibrium fractionation factors for 613c 

of biogenic aragonite are poorly constrained (Aharon, 1991) and temperature dependence 

cannot be completely d e d  out. If present, however, temperature dependent equiïibrium 6I3c 

variations would be siboNficantly smaller than those for tii80. The fractionation factors from 

Romanek et al. (1992) were chosen for equilibrium calculations (Fig. 7-6). Based on their 



experïments, Rornanek et al. (1992) conclude that the hctionation factor for aragonite-HCO; 

is constant over the temperature range from 10 to 40°C (see eq. [6-11). 

Kinetic isotope fractionation effects are three times larger for 6 " ~  than for 6180 and 

growth rate differences rnay be responsible for some of the observed variation. The most 

af3ected Tuturn Bay corals, however, with some of the rnost depleted 6°C vakes recorded for 

shallow-water PoBres (see above), have gowth rates that are not si,gn5cantly higher than 

those of the corals from studies cited above. The growth rates of the most strongly affected 

corals are also not significantly higher than some of the least affected Tutum Bay corals (Table 

7-1). Growth rate variations, however, may be partially rnodiS;ig any photosynthetic signal. 

Coral C-3 is e ~ c h e d  relative to the trend between 6 ' ) ~  and HC (Fig. 7-2), which may be a 

function of its slow growth. Similady, coral C-1 is depleted relative to this trend and has the 

highest growth of alI corals sarnpled. It seems unusual that the corals with the most 

hydrcthermal input would have amongst the highest growth rates, while stressed by th is  input. 

Note, however, that Edinger et al. (in submission) have found that corals growing under 

stressful eutrophic conditions ofien have anomalously high growth rates. It is possible that the 

higher growth rates observed here might refiect a photoadaptation mechanism (Le. an anempt 

to maintain as hi& Ievels of photosynthesis as possible by growing quicker towards the 

surface). Also, if high growth rates correspond to high calcification rates in these corals, then 

increased generation of free protons by cdcification might aid in nutrient uptake and promote 

photosynthesis (Mcco~aughey and Whelan, 1997). 

The overall inverse relationship between both skeletal 6180 and 6°C and the degree of 

hydrothemal input is likely a synergistic combination of direct and indirect effects related to 

vent activity. Equilibrium effects, growth rate effects and photosynthetic effects a l l  act as 

described above to cause isotopic depletion in the most vent affected corals. In the case of 

skeletal PO, temperature is likely the most important hydrothermal variable. The stress 

(higher temperature and lower s;ùinity) induced by the hydrothermal system on the corals is 

like1y the most important factor explaining the 613C variations, dthough growth rate cannot be 



completeIy ruled 

benthic zones of 

out. Given the very small hydrothemal contributions to the seawater in the 

the bay, diese results s u g g s t  that isotopic records of corals are extremely 

sensitive indicators of such input. 

Strontium Isotopes The 87~r/S6Sr in marine carbonates, including coral skeletons is 

entirely controlled by its ratio in seawater. As discussed above, the multitude of factors tha 

conaol the fractionarion of carbon and oxygen isotopes during precipitation of coral skeletons 

make it difficult to directly detect vent related isotope signatures. The vent fiuids have a 

~ i , ~ c a n t l y  lower 8 7 ~ r / 8 6 ~ r  than local seawater (Table 2-5) and, therefore, Tunun Bay 

seawater is slightly depleted in *sr. This depletion is evident in the "sr/B6Sr of coral skeletons 

of the samples from Tutum Bay when compared to the "non-hydrothermal" coral (Fig. 7-5). 

7.4- 3 Trace elements 

Neither AS, Co, Cr, Ga, Ge, MO, Nb, Ni, Pb, Rb, Se, W, Y nor Zr were detected 

during proton probe analyses. This results fiom low distribution coefficients and low 

concentration in the hydrothemal fluid cable  2-2) combined with slightly too high LODS 

compared to their expected concentration in aragonite (Veizer, 1983). Among the several 

processes diat directly incorporate minor and trace elements into carbonate minerais, 

substitution for Ca in the CaCO, structure is the most important. Aragonite preferentially 

incorporates cations larger than Ca (Sr, Na, Ba, U), while calcite favors the smailer Mg, Fe, 

Mn, Zn and Cd. Distribution coefficients, however, are generally low and only Mg, Ca, Mn, 

Br and Y are concentrated preferentially in carbonate rocks (Veizer, 1983). 

Based on their own results and other published data, Buddemeier et al. (198 1) 

concluded that the concentration of minor and trace alkaline earth eIements in coral skeletons is 

controlled by calcification. In contrast, the uptake of trace met& seems to be a more 

complicated process that involves an intirnate interplay of biologicd and inorganic factors. 



Given the limited amount of observations, it is not possible to relate the slightly eIevated 

concentrations of Cu, Mn and Fe in some of the corals to the hydrothemal input. 

Based on the analyses of 2020 corals, Weber (1973) found that for a aven genus 

skeleral s r  decreases widi increasing temperature. AIthough the Sr values in corals differ fiorn 

those calcdated using an experimentally-detemiined distribution coefficient (Kinsman and 

HoIland, 1969) they do follow the theoretically predicted trend. 

In Tutum Bay three factors, closely related to the discharge of hydrothemal fluids, 

compete to control the incorporation of Sr into coral skeletons: 1) seawater Sr concentration, 2) 

temperature, and 3) growth rate. When plotted against hydrothermal component (HC) (Fig. 7- 

2A) a weak correlation is noticeable. This is expected, considering that the Sr concentration in 

the hydrothemal £iuid is slightly depleted in Sr relative to seawater (Table 2-1 and 2-2) and 

directly comparable to the lower " ~ r / ' ~ ~ r  in Tuhim Bay corals when compared to the "non- 

hydrothermal" sample @ig. 7-5). In addition, increased venting increases the arnbient water 

temperature, thus causing a lower Sr concentration in cord skeletons (Weber, 1973). 

Growth rate variations, however, can mask any correlation between Sr and HC and 

may be responsible for the only weak correlation in Fig. 7-2A. Sr ions are larger and heavier 

than those of Ca and during times of high demand (increased growth), the slower diffusing Sr 

becomes depleted relative to Ca This may explain the relatively low Sr concentration in sample 

C-l. C-1 is a sample from the coral that has the highest growth rare and the growth rate relaieci 

kinetic effect rnay overpnnt the HC effect on Sr incorporation. If sample C-l is excluded from 

the data set, the Sr values do show a ~i~onificant Sr-HC (hydrothermal component) correlation 

(Fig. 7-2). 

In the T ' m  gigas sample (T-1), Sr values are in good agreement with those 

expected for marine mollusca (Vekr ,  1983). The strong discrimination against substitution for 

Ca in the CaCO, structure may explain the absence of minor and trace elements other than Sr. 

Sr correlates with 613c, but not with 8180 indicating that Sr incorporation into the shell is not 



temperature dependent. The correlation with 613C suggests that biologic factors control Sr 

incorporation. 

7.4- 4 Geological significance 

Io earlier papers (e.g., Heikoop et al., 1996b) the relationship between corals and 

volcanic/hydrothermal activity was presented. The present study demonstrates that corals are 

capable of monitoring and (to a certain extent) descnbing the activity of shallow water 

hydrothermal venting. The degree to which the hydrothemd signal is preserved in the coral 

skeletons is astonishing, given the dilution of the discharge in Tutum Bay. Presurnably, corals 

in a more restricted environment, and/or experiencing higher discharge levels, would respond 

with even more pronounced deviations in stable isotope and Sr values. 

Every reef environment is a maze of micro environments. Venting activity will produce 

very pronounced, distinctive micro-environments (as evidenced by the distinct isotopic 

character of individual Tutum Bay corais), which has implications for pdeoceanographic 

reconsmction from such settings. 

It now appears that hydrothermal events are preserved relatively easily in coral 

skeletons and the analysis of corals rnay be anoîher exploration tool available to the econornic 

geologïst. Island arcs, such as the Tabar-Feni arc, are favorable envîronments for the formation 

of epithermal ore deposits (e-g., Davies and Ballantyne, 1987) and identification of anomalous 

chernical and isotopic signatures in marine limestone and corals may be used to explore for 

paleo-hydrothermal systerns in ancient island-arcs from ~opical regions. 



7.5 SUMMARY AND CONCLUSIONS 

The hydrothermal input Ïnto Tutum Bay, although small at the t h e  of sarnpling, seems 

to have aclear impact on the surroundhg cord reef. Tutum Bay Purires lobata show distinctly 

different * ' ~ r / ~ ~ ~ r ,  813C, liLSO and Sr records when compared to the "non-hydrothemal" 

control sample and to other samples from Papua New Guinea. Of the various direct and 

indirect effects related to vent activity, thermal stress is likeiy the rnost important. The 

hydrothermal vents discharge fluids at a temperature of -90°C and those corals exposed to the 

highest hydrothermal influence show the lowest 6180 and 6I3C signatures. 6180 values are 

directly affect by changuig water temperame, while the 6I3c values are indirectly afkcted due 

to temperature induced changes in cord metabolism and growth rate. Unfortunately , the nature 

of the hydrothermal discharge in Tu- Bay renders the use of trace elements as recorden of 

hydrothermal influence nearly impossible. Low trace element concentrations in the vent fluids 

combined with a s-maIl hydrothemal cornponent in the ambient seawater does not cause the 

uptake of substantial amounts of vent related elements into the coral skeleton. The lower Sr 

values when compared to the control sarnple are likely based on a combination of increased 

growth rate and decreased Sr concentration in ambient seawater due to increased hydrothemal 

discharge. 



8. CONCLUSIONS 

Compared to deep sea hydrothermal systems Tutum Bay is unique because there the 

source of the hydrothemd fluid is rneteonc and not seawater. As a result, the physico- 

chemical conditions in Tutum Bay are much closer to onshore than to deep sea hydrothermal 

systems, with the exception that Tutum Bay vents discharge into seawater. 

Uitimately they are interpreted to be the lateral extension of the vast hydrothermal 

system present beneath Ambitle Island and their chemical composition is the outcorne of a IWO- 

or possibly three-step process: (1) Phase separation in the deep reservoir beneath Ambirle 

Island produces a high temperature vapor that rises upward and subsequently reacts widi cooler 

ground water to form a low pH, CO,-rich water of approxïrnately 150-160°C. (2) Caused by 

the steep topography, this CO-rich fluid moves laterally towards the ma@ of the 

hydrothermal system where it mixes with the marginal upflow of the deep reservoir fluid, 

producing a dilute chlonde water of approximately 16S°C. A third step may be the entrainment 

of minor amounts of ground or seawater during its h a 1  ascent. Based on a B-RbfCs mking 

model it has been estunated that approximately 10% of the deep resenroir fluid reaches the 

surface. 

Extensive deposits of aragonite and F e 0  oxyhydroxide are present at or just below 

the seafloor and precipitation from the hydrothermal solution is thought to be caused by a 

combination of CO, degassing and m k h g  with seawater (aragonite), and m n g  with seawater 

only ( F e 0  oxyhydroxide). The amount of seawater mixhg during precipitation was 

calculated from a 87~r/86Sr mixing model. Aragonite is precipitated up to a maximum seawater 

fraction of approximately 11 %, whiie above 11 % and up to 55% F e 0  oxyhydroxide is the 

prominent hydrothermal precipitate. Thus, interlamination of aragonite and F e o  

oxyhydroxide probably signais abrupt, short-term changes in the physical andfor chemical 

conditions at and near vents. These changes are rnost likely directly related to the rate at which 

Tutum Bay vents discharge. 



With the exception of unusually high arsenic values, T u t u  Bay F e 0  oxyhydroxide 

- deposits are in many respects similar to deposits found in much deeper water. Arsenic 

concentrations ui Tuturn Bay Fe@I) oxyhydroxides are by more than an order of magnitude 

higher than those from other marine occurrences. The high concentrations are a duect result of 

the strong sorption ability of the high specifc surface material, protoferrihydnte at a pH of 

approximately 7 and sufficient arsenic concentration in the hydrothermal fluid. Arsenic is 

successfully retained in the Fe(m) oxyhydroxide deposits because oxidizing conditions and 

high arsenic concentration allow for the formation of discrete arsenic miner&, Le., claudetite, 

arsenic oxide and scorodite. 

Near vent sites, pmary pore space in volcaniclastic sediment and in skeletons of dead 

corals is almost completely occluded by hydrothemd aragonite and F e 0  oxyhydroxide. The 

formation and preservation of prirnary porosity in carbonate platfomis that were subject to 

"normal-marine" depositional and diagenetic processes are fairly well understood and, as a 

result, the inner shelf, outer shelf and slope are the prime petroleurn exploration targets. The 

occurrence of hydrothermal activity, however, is not confined to any one location within a reef 

complex and subsurface processes may compietely change the reef hydrogeology relative to 

non-h y dm thermal setting S. Consequentl y, earl y occlusion of pore space may have occurred in 

areas that are generally thought to have hi$ primary pore space and, therefore, petroleurn 

exploration prob- in paleo island arc environments may need to establish carefully temporal 

and spatial relationships to prove coexistence of abiotic and skeletd carbonate. The 

determination of 8 7 ~ r / 8 6 ~ r  in aragonite may provide the necessary answer. Hydrothermal 

aragonite in Tunim Bay, for example, has a distinctively different isotope composition when 

compared to "normal" marine carbonate. This implicates marine carbonates that may have 

accumulateci in a similar environment, if the time-dependent variations of 8 7 ~ r / 8 6 ~ r  are utilized 

for dating. According to its 8 7 ~ r / 8 6 ~ r ,  the coral aragonite fiom Ambitle Island would have an 

improbable Late Cretaceous age. 



Substantial input of hydrothermal fluids into a reef environment ad& to the expected, 

biological, chnatic, and oceano,gaphic factors that d u e n c e  coral growth and carbonate 

precipitation in tropical, shailow-water carbonate settings. Ambitle Island, therefore, offers a 

natural laboratory to evaluate the short- and long-rem adaptation andior mortality of biota 

related to changes in temperature, salinity and carbonate saturation state. 

Every reef environment is a maze of micro environments. Venting activity will produce 

very pronounced, distinctive micro environments, with implications for paleoceanoggphic 

reconsmiction from such settings. The hydrothermal input into Tutum Bay, although srnail at 

the time of sampling, seems to have a clear impact on the surrounding coral reef. Tutum Bay 

Porires Zobata show distinctly different %3rS6SrY 8 1 3 ~ ,  0180 and Sr records when compared to 

the "non-hydrothermal" control sample and to other samples fiom Papua New Guinea. In 

earlier papers (e.g., Heikoop et al., 1996b) the relationship between cor& and 

volcanic/hydrothermal activity was demonstra~ed. This study demonstrates that corals are 

capable of monitoring and (to a certain extent) describing the activity of shallow water 

hydrothermal venting. The degree to which the hydrothemal signal is preserved in the coral 

skeletons is astonishing, given the dilution of the discharge in Tumm Bay. PresumabIy, corals 

in a more resîricted environment, and/or experiencing higher discharge levels, would respond 

with even more pronounced deviations in stable isotope and Sr values. Of the various direct 

and indirect effects related to vent activity, thermal stress is lïkely the most important. 

It now appears thaî hydrotherrnd events are preserved relatively easily in coral 

skeletons and the analysis of corals rnay be another exploration tool available to the economic 

geologist. Island arcs, such as the Tabar-Feni arc, are favorable environments for the formation 

of epithemal ore deposits (e.g., Davies and Ballantyne, 1987), and identification of anomalous 

chemical and isotopic signatures in Fe(m) oxyhydroxides, marine carbonate cements and 

corals may be used to explore for paleo-hydrothermal systems in ancient island-arcs from 

tropical regions. 
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Results of Si analyses that were performed on Tutum Bay seawater. Samples were 

collecred systematically at varying distances from vent sites in order to reconstruct the effect of 

venting on local seawater composition. 
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Note: Sample numbers were used as follows: same number indicates the sarne location, same fetter 
indicates the same depth. Depth is measured in meters h m  sea level. Distance was measured fiom the 
location of vent 2 and in combination with the direction data gives the exact location. For example, 
sample 1% was coilected exactly 50 m east of vent 2 h m  a depth of 2.5 m below sea Ievel. The samples 
vent 1 to vent 3 were collected exactly above vent sites- 



Results of isotope analyses in &notation for T r i d a m  gigas (T- 1) and Porites Iobara 

(C-1 to C-29) sub-samples fiorn Ambitle Island on the PDB scale. For the corals, sarnple 

points are measured parael to the growth axis from the top of a coral slab. Trrdacnu gigas 

samples do not necessarily correspond to the same time span as the coral samples. 
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Means comparison for 613C, 8'*0 and Sr analyzed in cords fiom Ambitle Island. 

Column X shows the distribution of values for each sample. The dashed line across the middle 

is the grand mem. The top and bottom of the diamonds indicate the 95% confidence interval 

and the h e  through the rnidde of a diarnond indicates the mean. In order to account for the 

imbalance in the data set (Le., the means do not al l  have die same number of observations), I 

plotted comparison circles in columns B and C. The radius of a circle is the 95% confidence 

interval and, therefore, the larger a circle the Iesser the number of observations. In order for 

means to be ~ i ~ ~ c a n t l y  different, the angle of intersection has to be less than 90". Column C 

shows comparison circles that attempt to correct for a statistical Type I error (multiple 

comparkons) using the Tukey-Kramer test (Swan and Sandilands, 1995). 
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