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Abstract:
Hydrothermal vent systems and their emissions of mineral-rich fluids provide deep-sea oases for the development and long-term existence of chemosynthetic microbial communities as well as macrofaunal communities.  The submarine volcanoes along the Kermadec Arc have been found to contain such hydrothermal systems. The most hydrothermally active area, Brothers Volcano, lies at the southern end of the arc while hosting two very different venting regions. In this study, the hydrothermal vent faunal distribution between these two venting sites was analyzed using the ROV Jason and its equipped camera systems, a Sulis 4K model camera and an Insight miniZeus camera Arc. Differences in macrofaunal abundance and the taxonomic groups between the two vent fields as well as their relationship to the microbial communities were measured using the photo images. Image quality allowed for recognition of five different macrofaunal organisms throughout the two regions, comprising two different phyla, Crustacea and Annelida. Two main types of microbial mats were noted throughout the study regions, a white microbial staining present on the stalks of black smoker chimneys as well as on the sediment within a few meter proximity of white smokers, and a yellow-orange flocculent microbial mat. Depending on the type of microbial mat present and region of mats locations, variations in the residing animal life occurred. 







Introduction:
[image: Macintosh HD:Users:monikaswick:Desktop:Screen Shot 2018-07-05 at 12.06.55 PM.png]During the collision of two oceanic tectonic plate boundaries, a subduction zone occurs characterized by the formation of both an island arc system and oceanic trench. In the Southern Pacific ocean, this processes has been taking place between the Pacific and Indo-Australian tectonic plates forming a 2,600 km long arc system referred to as the Tonga-Kermadec Arc (Timm 2013). At the southern end of this intraoceanic arc system, 400 km Northeast of New Zealand, lies the systems most hydrothermally active submarine volcano, Brothers Volcano. Brothers contains two main regions of very different hydrothermal systems, one located along the NW wall of the Caldera, and the other 3000 km away in the southeast direction on top the main Cone site of the Volcano (de Ronde 2011). Figure 1. Location of Brothers Volcano along Tonga-Kermadec Arc. (de Ronde 2011)






Hydrothermal Vents:
	Hydrothermal vents are located along the ocean floor in areas where seawater that has permeated deep into the ocean floor through fissures in the oceanic crust is now resurfacing. As the seawater percolates below the seafloor surface, it comes in close contact with magmatic sources that both heat up the water as well as add various minerals. This hot, mineral-rich water then rises back to the seafloor surface and is discharged forming these submarine geyser-like systems (Brazelton 2017). The seafloor character and composition at these upflow zones varies depending on which minerals are present in the emitted fluid. 
	Two of the hydrothermal venting systems found along intraoceanic subducting arc systems are black smokers and white smokers. Black smoker chimneys are called so for the distinct stream of black, sulfide-rich fluid that is projected from their chimneys. This type of chimney is formed in areas relatively close to magma sources causing the exiting hydrothermal fluids to hold extremely high temperatures up to 400 and a low pH (Colin-Garcia 2016).
	White smokers are found in areas further from their heat source resulting in the emission of much lower temperature fluids.  These chimney fluids contain much lighter colored minerals such as barium, calcium, and silicon and have a very alkaline pH. As this hot water leaves the chimney and mixes with the cold surrounding seawater, the contained minerals precipitate out forming sulfate and carbonate deposits. These deposits can be presented as giant, thick chimneys extending many meters off the seafloor (Colin-Garcia 2016).
	Explorations of Brother Volcano have found both these white smoker and black smoker chimneys to be present. Along the Northwest Caldera of the Volcano a 600 m long vent field lay dominated by single-spired, high temperature black smoker chimneys. Measured temperatures of the chimney fluids at this site have ranged from 250-300 C and composition interchanges between copper and zinc-rich chimneys (de Ronde 2011). The Cone site of the volcano hosts a very different style of venting.  Hydrothermal systems among this region consist of low-temperature diffuse vents lacking the metallic-composed chimney plumes of the NW Caldera site. In place of such chimneys, Iron oxide crusts containing much smaller “finger chimneys” can be found (de Ronde 2011). 
Hydrothermal Microbial Chemosynthesis:
	At these light-absent deep sea environments, primary production has been found to still occur with the help of chemosynthetic microorganisms. Utilizing the minerals present in the ejected fluid, these organisms are able to produce organic material and establish the base of the hydrothermal food web. Hydrothermal fluids are rich in sulfides that act as an electron donor needed for the chemosynthetic reaction to occur, and the nitrates, sulfate, and CO2 play the role of the electron acceptors.  This adaptation and diversity amongst microorganisms allow for them to thrive in and populate almost any environment. Existence of such microbial communities allows for energy to travel up the food chain by presenting direct food for grazing predators as well as taking part in symbiotic relationships with larger faunal groups (Monaco 2015). 
	The most common microorganisms found inhabiting hydrothermal vent regions include bacterial and archaeal thermophiles and hyperthermophiles (Takai 2001).  In areas of shallow-water hydrothermal vent systems research has shown these organisms abundance, diversity and community structure all to be controlled by environmental gradients. The temperature and pH gradient created by shallow-water vents are much less drastic than those of the deep sea, yet affect the inhabiting microbes in a significant way. Regions in close proximity to venting sources contain higher abundances of archaea while further away lay higher numbers of bacterial communities (Takai 2001).  At benthic systems, hydrothermal vents eject higher temperature fluids into a cooler environment creating more drastic gradients over a much smaller area. As a result of these higher temperature, steeper gradients, it is hypothesized that archaea are the dominate microbes inhabiting these areas. Studies performed on the black smoker chimneys of Manus Basin and Mid-Atlantic Ridge fields support this hypothesis, finding diverse populations of archaeal communities distributed throughout the chimneys structure (Takai 2001).  Sampling of the microhabitats throughout the chimney showed populations of halophilic archaea to be thriving inside the chimney and members of the genus Thermococcus, also Archaea, existing on the chimneys surface (Takai 2001). 
	Previous research done on the microbial communities present throughout the venting sites of Brothers Volcano has been carried out with only limited sample collection. Research performed by Ken Takai in 2009 aimed to understand the variability of the NW Caldera microbial communities and with changing black smoker fluid chemistry. His assessments describe the similarities of the detected species to be similar to those found at other volcanic vent fields, specifically those at the Mariner hydrothermal field of the Southern Lau Basin. More studies must be performed to collect a wider microbial inventory of the volcano and their relationships with their physical and chemical environments (Takai 2009).
Hydrothermal Macrofaunal Communities:
	The presence of primary producers at these hostile marine environments has made way for larger life forms to also become inhabitants of such ecosystems. As mentioned before, the microbial- macrofaunal relationship can exist as either symbiotic or predatory, both resulting in a transfer of energy that supports macrofauna survival. Many different environmental factors have been found to affect the community structure of fauna surrounding venting systems including temperature, nutrients, fluid flow, pH, hydrodynamic processes, depth, type of substratum, natural disturbances, and biotic interactions (Monaco 2015). 
Studies carried out by Lisa Levin observed shifts in the macrofaunal community structures in response to spatial variations from active vent fields. When studying the areas of Manus Basin, Papua New Guinea and Middle Valley near Juan de Fuca she initially hypothesized that she would observe obvious alterations in animal biomass, species dominance, and species richness. However to her surprise this is not what she found. At Manus Basin she did find sediments in close proximity to an active vent to hold higher density and biomass than sediments greater than 50 m from vent, however this was inconsistent with results of a second site sampled from at Manus Basin. As for animal diversity, it too did not show a significant change with increased distance from a vent (Levin 2009). 
	 Studies done at a vent field located at a greater depth, Broken Spur vent field on the Mid-Atlantic Ridge, display more drastic changes to faunal distribution in regards to spatial variation. The population of shrimp was observed to not only change vertically along a chimney, but radially as well. Large populations of shrimp were found in close proximity to actively venting beehive chimneys, and very few further away and at inactive chimneys. Other taxa such as fluted polychaetes were not just found at the base of chimneys but also found further away from the site, and anenomes demonstrated peak densities at the base of certain chimneys as well as certain species of fish (Copley 1997).  
Research done by University Washington student Ali Rhoades in 2009, aimed to identify the macrofauna of Brothers while observing how faunal assemblages at the Cone Site and NW Caldera Site may be affected by environmental factors.  The macrofaunal groups found at Brothers fit into 6 different phylum, Crustacea, Porifera, Echinodermata, Cnidaria, Mollusca and Chordata. The phylum Crustacea was the most diverse phylum observed and also the most dominant taxa found throughout both the Cone and Caldera sites. The macrofaunal groups seemed to be most affected by changes in temperature, water chemistry, and turbidity, with little to no affects apparent with salinity changes. However, even with the distinct differences in venting styles and geological structures between the Caldera and Cone site she concluded no differences in macrofaunal community structure to exist between the two sites except for when it came to faunal density. All phyla were observed to inhabit regions of both the Cone site and Caldera site (Rhoades 2009).
During my research at Brothers I aim to answer the two questions: what are the differences in the microbial mat coverage between the Cone Site and Caldera site, and what is the covariance of microbial mats with macrofaunal abundances and diversity.
Methods:
Field Sampling:
Sampling occurred aboard the R/V Thomas Thompson using a Sulis 4K Ultra High Definition Deapsea Camera and two Insight MiniZeus cameras attached to the remotely operated vehicle Jason. Twenty dive days were scheduled throughout dates of 2018, March 5-22nd to explore areas of Brothers Volcano. However, due to equipment and weather setbacks, sampling was shortened to only 5 dive days.  Images were captured automatically at 30 seconds interval with the camera’s autosnap imaging function and also manually whenever viewing an area of interest. (An archive of collected photographs is contained on WHOI’s Jason Virtual Control Van website.) Site dimensions were measured through the use of 10 cm spaced lasers attached to Jason. For any site in which lasers were not turned on, an estimate of site area was obtained through using Jason’s 2 m wide front basket as a ruler. At the locations containing active chimneys or diffusive vents, fluid temperatures were measured using a resistance temperature device (RTD).
Onshore Image Analysis:

	Post-cruise image analyses began with a sample collection of 16,538 photographs. The initial sample size was reduced after selecting only the photos taken at 3-minute intervals for analyses and comparison. Any photos with poor image quality or blocked visual not allowing for any detailed observations were also removed. After modifications of images, a total of 81 photos were used for examination of the Cone Site and 530 images for the Caldera Site. This final collection of photos was used for identification of macrofauna down to the class level. Presence of microbial mats, active chimneys, description of substratum, were also determined through photographs as well as help from the commentary of the chief scientist onboard the cruise, Anna-Louise Reysenbach. 
[image: Macintosh HD:Users:monikaswick:Desktop:Senior Thesis:Brothers Map.pdf] At each site, abundances were gathered by counting the number of individuals contained in one square meter. Numbers of shrimp were recorded as being less than or greater than incremental values of 10 due to uncertainty when counting brought on by camera quality. Other animals were recorded as the specific number present in the area. 
	 






















Figure 2. Positions of the two study regions of Brothers Volcano, the NW Caldera Site and Main Cone Site. (image from de Ronde 2005)




Results:

Photographs:

Within the duration of time the R/V Thompson spent at Brothers Volcano, the ROV Jason performed a total of 5 dives. Three of these, dive J2-1037, J2-1038, and J2-1029, explored areas of the Northwest Caldera site of the volcano and the other two, J2-1040 and J2-1041 occurred near the Cone Site. In total, 16,538 photos were collected through both autosnap frame grabbing as well as manual image capturing. For my analyses of Brother’s Caldera site I used images from only dives 1038 and 1039, resulting in 7426 photos. For analyses of the Cone site I used only dive 1040 which produced 1929 images. After processing of photos, the final amount of images used in analyses of the Caldera site amounted to 530 images, and 81 images for the Cone Site. 
Macrofauna Identification:

The macrofaunal organisms that could be clearly and confidently identified throughout the two sites on Brothers volcano fit into two Phylum, Crustacea and Annelid, comprised of three different classes. It is likely other organisms were present, however image quality allowed for only these groups to be recognized and used in the evaluation of the macrofaunal structure variations between the two areas and their connection to microbial mats.






Table 1. Classification of macrofaunal organisms
 identified at Brothers Volcano.

	Phylum
	Class
	Common Name

	Crustacea
	Malacostraca

	Crab

	
	
	Shrimp

	
	Maxillopoda
	Long Necked Barnacle

	Annelida
	Polychaeta
	Scale Worm

	
	
	Tube Worm



NW Caldera Region Dive Track:
Exploration of the Caldera region of Brothers volcano during dives 1038 and 1039 commenced along the Caldera floor. Transit across the Caldera floor began at 34.525 S with seafloor surface consisting of rippled sediment scattered with crumbled lava rocks. This sediment remained void of any life and was present until 34.519 S when the first signs of yellow hydrothermal alteration to sediments appeared and the climb up the Caldera wall began. Massive vertical blocky lavas covered with thin layers of sediment were located along the Caldera wall containing no signs of microbial or macrofaunal life. The first sign of chimneys occurred at a depth of 1660 m marking the beginning of sightings of both dead and active chimneys. Above this depth between the coordinates 179.034 and 1793.05 E and 34.518 S and 34.516 S many inactive and active black smoker and beehive chimneys covered with white microbial staining lay scattered about. The chimney field of the Caldera sight contains clusters of many single spired as well as spire complexes of chimneys reaching up to several meters in height. A larger percentage of the occurring chimneys were found to be inactive with a much smaller number appearing to be active. Amongst the actively venting black smokers, temperatures ranged between 150-300 C. 
NW Caldera Macrofauna:
The first identified macrofauna occurred at a depth of 1570 m with the range of macrofauna presence occurring at depths between 1570 and 1620 m. The macrofaunal organisms identified throughout the documented sites of the Caldera region included individuals from both phyla: shrimp, crab, long necked barnacles, tubeworms, and scale worms. The animals were distributed in patchy groups, being present only within close proximity of the studied sites while areas in between sites being void of macrofauna. Sites throughout the Caldera region contained very low animal abundances. Eighty-three percent of the documented sites contained presence of macrofauna with Crustacea being dominant phylum inhabiting 93 percent of sites and Annelida found only at 44 percent of sites. Sites 13, 15 and 24 were the areas containing the most diverse group of macrofauna spread over the largest area. At these locations long necked barnacles thrived along rocky outcroppings near large patches of white microbial material, but were not present at any other sites visited. The dimensions of these sites were multiple meters in length and height. Scale worms were found at 44 percent of sites positioned only on areas of white microbial staining. Crabs also only occupied the regions near to a white microbial mat. At the sites bare of white staining, but containing the orange-yellow flocculent mats, shrimps were the only animals observed to be thriving. 
NW Caldera Microbial Mats:
	The microbial material recorded across the Caldera Region was displayed in different colors and formed different material. The most common descriptions of the microbial material were a white staining present on the stalks of mainly inactive chimneys (defined as chimneys not emitting plumes of smoke) and also in patches on the seafloor, and a flocculent orange-yellow material found in patches on the seafloor, on chimneys stalks, as well as covering some rocks surfaces surrounding an active vent. Eighteen sites were documented throughout the Caldera region for containing the presence of one or both types of these microbial mats, 66 percent of them containing white staining and 38 percent of them containing the orange-yellow mats. Sites 13,15, and 16 at had white staining covering a few meters of the seafloor yet had no presence of chimney structures or areas emitting smoke. Site 19 contained a layer of orange-yellow microbial material covering a 3x5 m area of a sediment slope with very small chimlets.  The white staining among the chimney complexes throughout the vent field existed mainly along the structure of the chimneys with few small patches around perimeter of the base. 
Cone Region Dive Track:	
Dive 1040 began at a depth of 1830 m on the Caldera floor Northwest of the Cone site. As seen previously, the Calder floor remained rippled sediment until the climb up the cone wall began, in which scattered rock started to become present. The north side of the caldera wall surface character interchanged between being covered with just sediment, being covered with scree and sediment, and being covered with solely scree. The entire dive occurred over a depth range of 1830-1200 m however microbial and macrofaunal communities were only found between depths 1200-1280 m. There were no black smoker chimneys found throughout the cone site, instead venting at the Cone Region was dominated by diffusive white smokers. Along dive 1040, the only active white smokers were found at site 4 and 6 on the northwest slope of the cone’s crater and expelled fluids with temperatures of 167 C and 200 C. Site dimensions at the cone site spanned over a much larger areas. 
Cone Region Macrofauna:
Eight sites were documented along the transit through the Cone Region of the volcano for containing a macrofaunal community. The macrofauna seen distributed among these sites included Crab, Shrimp, Long Necked Barnacles, and Scale Worms. Shrimp occupied 77 percent of the sites, Crab were present at 22 percent of sites, and Scale Worms and Long Necked Barnacles existed at only 11 percent of sites. Overall, the dominant taxa throughout the Cone Region remained Crustacea, with Shrimp holding the highest abundance and at 62 percent of sites being the only animal present. In transit between sites Shrimp were seen to lay along the seafloor, however, due to poor visuals I was not able to obtain counts. Shrimp were found throughout the transit along the cone site except were absent at site 9 positioned along the northeast slope of the cone. At this site barnacles lay attached only to small dark rocks scattered throughout the area. Scale worms were also only found at one site, Site 4, and absent at all other sites. Unlike the caldera site in which animal communities were found in small patches throughout the vent field region, at the cone site, shrimp were not only found throughout each site but also seen in great numbers between sites. Animal abundance at the cone site increased greatly compared to the caldera site, being most obvious in the amounts of shrimp. 
Cone Site Microbial Mats:
The only type of microbial material apparent at the Cone region was the white color microbial mats. However, these mats were not present as a white staining as they were at the Caldera Region, but were comprised of more flocculent material like the Caldera’s orange-yellow mats.  These mats lay surrounding the vicinity of the active white smokers in a 1-2 meter radius as well as lay in large patches in non-venting areas. Microbial material was only seen in patches along the seafloor without any being present on chimney structures as commonly seen at the Caldera region. 
Macrofaunal Relationship to Microbial Communities:
	Tables 2 and 3 list the sites throughout each region that contained either the presence of a microbial or macrofaunal community, sites along transit that had neither of these communities were excluded from the table. Amongst the Caldera sites at every location inhabited by an animal a microbial mat was also found, there were no areas in which animals were found thriving that microbial material was not nearby. The color and style of microbial mat also had an affect on what animals were located in the areas. Scale worms were only seen to exist on areas containing the white microbial mats and absent on the yellow-orange mats which hosted only Shrimp. This connection of the animals to the microbial communities was less apparent throughout the cone site. Only 33 percent of the studied sites along the transit through the cone contained both a microbial material as well as macrofauna. Sixty-six percent of the areas held abundant macrofauna organisms yet were void of microbial communities. 
Conclusion:
	
The Northwest Caldera and Cone Region of Brothers Volcano host two different styles of venting. Visual differences existed in the colors of ejected fluids as well as in the structural formations created as the minerals precipitated out of the waters. In agreement with the research done between regions in 2011 by de Ronde, discharged fluids were also measured to be warmer at the Caldera region, measuring between 150- 300 C, and cooler at the Cone region, measuring between 160- 200 C. The variations in such venting characteristics found between the two regions are likely resulting from the contrast between depths of the regions, meaning differences in the distances each vent lay from their subfloor magmatic heat source. Actively venting Cone sites were located around a depth of 1210 m, while those at the Caldera are positioned deeper, likely closely to their heat sources, at depths between 1300-1600 m causing the resurfacing sea water to hold higher temperatures. 
Observing the color of vent-emitted fluid can give insight on the differences in water composition. Black smoker chimney fluid in past studies of Brothers have proven the water to be metal-rich, while white colored diffusive vent waters at the Cone site lack metals and instead contain higher levels of lightly colored minerals (de Ronde 2011).  Because the mineralogy varies between the two sites, different forms of microbial communities have become established at each region. At the Caldera region, microbial communities were presented mainly as white staining along chimney stalks or flocculent orange-yellow colored mats lain along the substrate. As for the Cone site, with only white smoker diffuse venting occurring, microbial mats formed only white mats around the vicinity of vent. Microbial identification was limited by relying on only visual observations during my study. To get a full understanding of differences in microbial communities present between regions future studies should include both physical sampling and culturing of microorganisms. 
	The macrofaunal community structures between the two regions of Brothers Volcano differed both in species abundance as well as species variability. Homogeneity existed in the animals identified throughout the sites of the Cone region, with shrimp being dominant. Shrimp were the animals measured in the greatest numbers at each site at the Cone, close to 100 individuals per  and the only animal observed to exist thriving in areas between transits from sites. A smaller percentage of areas at the Caldera region, only 40 %, were home to solely one type of organism, but instead contained more faunal variability. Among the various organisms present at each site, shrimp were again the dominant animal, however they existed abundances of less 100 individuals per .  The animal communities at the Caldera site were much more patchy than those of the Cone, with animals only being observed within close proximity of a venting chimney or microbial mat. Because a larger area was surveyed during exploration of the Caldera region than during that of the Cone region, twice the amount of sites were documented for containing macrofauna or a microbial mat and used to draw conclusions. To solidify knowledge in the variations between the regions macrofaunal community structures, consistency between time spent at sites and distance covered would need to be applied when collecting samples.
	At the Caldera, the establishment of a macrofaunal community relied on the existence of microbial material. Animals inhabiting the Caldera region were found to exist in areas directly on or within a meter radius from mat, whereas the Cone region animals lived independently of microbial mats. Sixty-six percent of locations throughout the Cone site showed no signs of microbial establishment yet still contained larger numbers of shrimp. It is hard to conclude where these populations of shrimp are getting their source of energy to not just survive, but also exist in such large abundances. It is possible that microbial material prevailed unobserved by Jason cameras or the shrimp are somehow able to obtain energy from the extensive amounts of volcanic ash covering areas of the Cone. 
Not only did the microbial material allow for the prosperity of macrofaunal organism at the Calder region, but also the color and type of mat dictated which macrofuanal organism were found. The white staining microbial mats along chimney stalks were energy source to multiple different animals including shrimp, crab and scale worms. However scale worms were the one animal that at both sites was not found in any location other than directly on top of white microbial material, while the yellow-orange flocculent mats appeared favorable to only shrimp. The different colors and textures of the microbial mats are likely to stem from the different microbial community make-ups resulting from different present environmental characteristics.  Depending on available nutrients and environmental features such as water temperature, pH, or salinity, different archaeal or bacterial populations are likely to become established (Takai 2001). 
	The chemical and physical differences that exist between the Cone Region and Caldera Region of Brothers Volcano are the likely drivers of the differences found in macrofaunal and microbial communities between the two regions. These properties create different environments becoming colonized by different microorganisms, allowing for the establishment of macrofaunal communities as well. These microbial communities have been observed to be vital elements for the survival of macrofaunal communities at the Caldera site, with animals being found only in the areas with a microbial mat. However at the Cone Region animals are able to thrive distant from such mats. 
For future studies of macrofaunal communities at brothers using photographic imaging sampling design should involve more consistency throughout measurements. Having constants in the elevation of Jason above the seafloor and camera zoom factor would allow all photographic samples to have the same seafloor area making comparisons between sites more consistent. Due to Jason traveling at times near the seafloor, clear observations could be made, however, other times Jason hovered many meters above the seafloor, making clear observations difficult. Differences in zoom factor between each photograph resulted in different areas of seafloor being covered in each photograph, as well as some images quality being more in focus than others. Macrofaunal studies carried out using an underwater TowCam could provide these constant that are lacking when using Jason’s camera system. Conducting surveys of straight lines evenly spaced apart throughout a large square meter area would allow for a more conclusive 
	Site 
	Event #
	Mat
	Description
	Macrofauna
	Individuals per m^2
	Active Chimney
	Temp (C)

	1
	8608
	No
	X
	Shrimp
	<100 
	None
	X

	2
	8706
	No
	X
	Crab, Shrimp
	 Crab
	None
	X

	3
	8798
	No
	X
	Shrimp
	>100
	None
	X

	4
	8953
	Yes
	White
	Crab, Shrimp, Scale Worms
	4 crab
5 Scale Worm
<100
	White Smoker
	167 C

	5
	9334
	Yes
	White
	Shrimp
	>100
	None
	X

	6
	9462
	Yes
	White
	Crab
	
	White Smoker
	200 C

	7
	9633
	No
	X
	Shrimp
	>100
	No
	X

	8
	9649
	No
	X
	Shrimp
	>100
	No
	X

	9
	9694
	No
	X
	Long-neck Barnacles
	<10
	No
	X


overview of the macrofaunal and microbial fluctuations throughout the entire region.
Table 2.  Sites throughout Brothers Cone Region containing either presence of a macrofauna or microbial community

	Site
	Event #
	Microbial Mat
	Discription
	Macrofauna
	Individuals per m^2
	Chimney
	Temp (C)

	10
	886
	Yes
	Yellow/ Orange
	No
	X
	No
	X

	11
	936
	Yes
	Yellow/ Orange
	No
	X
	No
	X

	12
	1090
	Yes
	Yellow/ Orange
	No
	X
	Black Smoker
	279

	13
	1998
	Yes
	White
	Long Necked Barnacles, Shrimp, Crab
	X
	No
	X

	14
	2038
	Yes
	White
	Scale Worms, Shrimp
	11 Scale Worms
<50 shrimp
	Black Smoker
	X

	15
	2352
	Yes
	White
	Long Necked Barnacles, Shrimp, Crab
	X
	No
	X

	16
	2419
	Yes
	White
	Crab, Shrimp, Scale Worm
	4 Crab 
<50 Shrimp
	No
	X

	17
	2475
	Yes
	White
	Crab, Shrimp, Scale Worm
	1 Crab
<20 Shrimp
3 Scale Worm
	Inactive
	X

	18
	2500
	Yes
	Tan/Orange
	Shrimp

	< 100
	Black Smoker
	303

	19
	2613
	Yes
	Tan/Orange
	Shrimp
	< 100 
	Inactive
	59

	20
	3016
	Yes
	White
	Shrimp
	<20 Shrimp
	
	

	21
	3331
	Yes
	White + Orange
	Shrimp, Scale Worms
	< 50 Shrimp
	Black Smoker
	187

	22
	5463
	Yes
	White
	Shrimp
	X
	Black Smoker
	305

	23
	5537
	Yes
	White
	Shrimp, Crab, Scale Worm
	>100 shrimp

	
	X

	24
	5612
	Yes
	White
	Crab, Shrimp, Scale Worms, Tube Worms
	2 Crab
5 Scale Worms
> 100 Shrimp
	
	

153

	25
	5769
	Yes
	White
	Shrimp, Scale Worm
	X
	
	X

	26
	6504
	Yes
	White
	Scale Worms
	X
	
	X

	27
	7535
	Yes
	Tan/Orange
	Shrimp
	X
	Black Smoker
	301


	Table 3. Sites throughout Brothers NW Caldera Region containing presence of either a macrofaunal or microbial community

	
Figure 3. Map of sites 10-21 along dive 1038 trackline at NW Caldera Region
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[image: Macintosh HD:Users:monikaswick:Desktop:Senior Thesis:Dive 1039 with markings.pdf][image: Macintosh HD:Users:monikaswick:Desktop:Senior Thesis:Dive 1039 with markings.pdf]
Figure 4. Map of sites 22-27 along dive 1039 trackline at NW Caldera Region

Figure 5. Map of sites 1-9 along dive 1040 trackline at Brothers Upper Cone Region
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Fig. 1 Tectonic setting of the Tonga-Kermadec arc/back-arc system
with the Australian and Pacific plates located west and east of the
Tonga-Kermadec Trench, respectively. Flanking the Havre Trough,

In a previous study of the Brothers hydrothermal system,
de Ronde et al. (2005) focused mainly on the geological
setting and geochemical characteristics of the NW Caldera
and Cone sites, together with the coverage and chemical
composition of the hydrothermal plumes emanating from
the vents at these sites. This was based entirely on data
collected by surface research vessels. These workers
showed how the two main vent sites likely represent
diverse parts of an evolving magmatic-hydrothermal
system, either one of which may be typical of submarine
volcanic arcs. They also suggested that at least one
‘magmatic “pulse” had perturbed the hydrothermal system
between 1998 and 2002.

In this paper, we complement and expand on the work of
de Ronde et al. (2005) by examining in more detail the
hydrothermal system at Brothers using samples recovered
during two submersible expeditions. We are therefore able
to place individual vent sites and chimneys in context
within a vent field and selectively sample representative
‘manifestations of the hydrothermal activity. More specifi-
cally, we focus on the discharge of hydrothermal fluids at
both the NW Caldera and Cone sites and the mineralization
associated with that discharge. We further focus on the NW
Caldera site as the largest known accumulation of massive
sulfides anywhere along the Kermadec arc. Here, we
determine the exact age of individual chimneys and,
together with their geochemical and sulfur isotopic signa-
tures, are able to provide insight into the source of the
hydrothermal fluids, their evolution over time, and the
influence of magmatic fluids on the formation of gold-rich
massive sulfides. By combining these elements with
geophysical data, we can better model the physicochemical
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