Hydrothermal Systems |

History, technology, structure, chemistry
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Hydrothermal Systems I

Chemosynthesis & symbioses,
fluxes, ridge flanks & the deep subsurface



Project FAMOUS - 1974

First direct observations and mapping of MoR

Mid Atlantic Ridge 36°N
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The Mid-Ocean Ridge System




Alvin Dive 713
Feb 17, 1977

Pilot — Jack Donnely

Observers — Jack Corliss. Tjeerd van Andel

First vent discovered — Clambake | (8°C)

“Isn’t the deep ocean supposed to be like a
desert?” Corliss asked. When Stakes answered,
“Yes,” Corliss replied: “Well, there’s all these animals
down here.”

“But we were not biologists. We were supposed to be
finding warm water.” Bob Ballard




“It Was Like Columbus”

“A whole lot of things sort of fell into place,” said John Edmond,
a geochemist from MIT, in Victoria Kaharl’'s book Water Baby.
“About halfway into the cruise, we realized that regular seawater
was mixing with something. It was a unique solution | had never
seen before.

“We all started jumping up and down. We were dancing off the
walls. It was chaos. It was so completely new and unexpected
that everyone was fighting to dive (in Alvin). There was so much
to learn. It was a discovery cruise. It was like Columbus.”



“In the spring of 1979—after geologists had discovered dense populations of
strange new animals clustered around hydrothermal vents in an area north of
the Galapagos Islands—a group of biologists took Alvin back to the same site.

‘It was an overwhelming experience to ‘fly,” 2,550 meters deep, over dense
beds of large mussels or even larger (up to 30 centimeters long) white clams,
or stands of hundreds of snow-white tubeworms (up to two meters long)
crowned with feather-like blood-red plumes.

“We were struck by the thought, and its fundamental implications, that here
solar energy, which is so prevalent in running life on our planet, appears to be
largely replaced by terrestrial energy —chemolithoautotrophic bacteria taking

over the role of green plants. This was a powerful new concept and, in my

mind, one of the major biological discoveries of the 20th century.”

Holger Jannasch
Annual Review of Microbiology
Vol. 51



Technology and exploration enable innovative science




DSV AI Vin before the $50M refit

3-person submarine
3700+ dives since '‘60s
2 In thick titanium

3 viewports (127)

Down to 4500 m
(450atm=6600 psi)

~2 hr descent, 4 hrs
bottom time, 2 hrs
ascent




* New Ti sphere
e 3 1n thick titanium
* 5 VIEwWpOrts

* 4.6” wider (18% vol) ‘ "y

e Down to 6500 m*
. 400 lb payload

DSV Alvin upgrade
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ROVs & AW s




ROV Jason-ll

ROV TETHER MANAGEMENT
SYSTEM

'‘A' FRAME
OR DAVIT

ROV CAGE
OR GARAGE

DRUM




ROV Jason-Il...what’s it like?




ROV Jason-Il...what’s it like?




AUV Sentry

Depths of 6,.000m
2.9m long X 2.2m wide X 1.8m high, 1250kqg

7/0-100km range @ 0-1.2m/s
20-40 hrs endurance & 10hrs recharge time




The Mass-Balance Problem
Seawater vs. River Water

Dominant Subsidiary Minor ions
ions ions

Seawater Na+ Mg2* Caz+, K+
Cl- SO,% HCO;
River water Caz2+ Mg?2*, Na+ K+
HCO, SO,%, Cl-

How, in a steady-state ocean (with residence times
short relative to the age of the earth), is seawater
produced from the input of river water??



Weathering / Reverse weathering - 1

CO, + H,0 — H,CO, (CARBONIC ACID)
H,CO; — H* + HCO;-

Na* + Cl- — NaCl NaCl (HALITE) — Na* + CI-
Ca?* + SO,2- — CaSO, | s T CaSO, (GYPSUM) — Ca?* + SO,2-
Ca?* + 2HCO,~ — CaCO, + H,0 + CO, o & f" CaCO; (LIMESTONE) + H* — Ca?* + HCO;~

Ca?* + Mg?* + 4HCO,- — CaMg(COy), + 2H,0 +2C0, . | = -|CaMg(CO;), (DOLOMITE) + 2H* — Ca?* + Mg?* + 2HCO;-

+':Icl°’LiN::"E++Msg"o})} e CRTION-MCH ICLAY + B ‘ ke CATION-RICH} (?(AATC')%':;;%OARI;II‘:O’:(OH)‘) ..
% - ALUMINOSILICATE + H* [ | + Si0, (SILICA) 1

Reverse weathering = 5 Weathering

CHEMICAL BALANCE between the atmosphere, the continents the continents (5), where hydrogen ions from the acid solution leach
and the oceans was hypothesized in the 1950°s by Lars Gunnar Sil- cations (positive ions) such as calcium, magnesium, sodium and po-
ién of the Royal Institute of Technology in Stockholm and worked tassium out of the continental rocks. Rivers carry the results of the
out in detail by Frederick T. Mackenzie and Robert M. Garrels of continental weathering to the oceans (c). In the aceans, which are
Northwestern University. In the atmosphere (a) carbon dioxide is dis- poor in hydrogen ious, the reactions reverse, creating sedimentary
solved in water vapor as carbonic acid. The water rains or snows on rock rich in cations and restoring carbon dioxide to the atmosphere.




Weathering / Reverse weathering - 2

Solves:

Removes excess cations from seawater

Provides H* to the ocean (prevents the ocean from
becoming an “alkaline lake” due to high ion content)

Solves the CO, problem

Problems:

Can’t remove all of the HCO;- entering the ocean

Need additional sink(s) for Mg2+ in order to close the budget

Edmond & Von
Damm, 1983



Seafloor volcanism




Heat Flow From the Ocean Floor
An indication of the importance of hydrothermal flow

Scientists predicted that the
flow of heat through the
seafloor should decrease
farther away from the ridge.
Although this is true, the
measured values of heat

- -~ \ flow near the ridge (dashed
i-ccen O line) were lower than the
Radpe S predicted values (solid line).
S Could hydrothermal
Hest Flom R — circulation explain the
T S====" (difference?

distance away from ridge —

Edmond & Von Damm, 1983



Oceanic Heat Flow

Seafloor age (Ma)
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Mid-Ocean Ridge Hydrothermal

Circulation
Another mechanism for significant seawater alteration




Hydrothermal Vents

* Discovered in 1977, black smokers in
1979

 Important for origins of life?
» Heat escapes from Earth’s interior
— T =~4000C

— Abundant source of electron donors
(H,S)




Anatomy of an ocean basin

Subduction Sea floor spreading

Volcanic arc at trench at mid-ocean ridge

Subduction
at trench

Hot molten
rock to
surface

Convection cell Convection cell

Volcanic

Subduction

/-

zone,




Anatomy of the ridge
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Anatomy of the ridge

Chemistry, not heat, sustains the
” 1 . g ? 0.1cm/s

chemosynthetic basis of life in the
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Anatomy of vent fluid
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Karen Von Damm thesis, 1983




Anatomy of vent fluid

21oN EPR
e— Max Min AV

Spread. Rate

Temp. 112

NaCl 2.62
Cl 388(475)

Si0 » 0.0

H2S 3.3

MaxH 28 3.5

Na-CB 411

K 18.3

Li 716

Rb 18.8

Cs 136

Ca 10.9

Sr 62

500

232

313

0

26

0.0

2.7
612
3.3
-1.92
5.7
0.03
0.051

Karen Von Damm thesis, 1983



Hvdrothermal circulation

0
WHOI (2002) 37C | 1) Cold water sinks

|

2) Removal of oxygen
and potassium

< 3) Removal of

y— > g V& e calcium., sulfate &
=~ ! I ‘\ o - magnesium
st S \ -

= .. ’,/ 2 60°¢ | 4 Addition of
SN~ sodium, calcium &

potassium

5) Lots of heat;
addition of copper,
) zinc, iron and sulfur

/ 6) Hot fluids rise

g

/) Hot fluids mix with
seawater; metals &
sulfides combine



Anatomy of a vent field




Anatomy of a chimney

Major sulfide minerals
Pyrite — FeS,
Marcasite — FeS,
Pyrrhotite - FeS
Chalcoptrite — CuFeS,

Sphalerite — ZnS
Magnetite — Fe;04




On-axis Vent chemistry recap

Hydrothermal plumes - chronic vs. event

Fluxes to global ocean

Ephemeral nature of (micro)environment




S0, some microbial perspective

B The history of life on earth 1s overwhelmingly microbial
B The earth is ~4.5 billion yrs old,
B microbes arose 3.8 billion years ago (bya)

B animals-0.7 bya  -- humans-0.001 bya
Jan. 1-Earth Forms

The Microbial Age-3.1 Billion Years

Jan | Feb | Mar| Apr| May| Jun | Jul | Aug | Sep | Oct | Nov | Dec

Late Feb-Microbesl ~Nov. 5th-Animals (oceans) T

Dec. 11t'-L.and Plants

Dec. 27h-Mammals

Dec. 31%-10:00 PM Humans 11:59:30 PM Written History




Microbes ~are chemistry

Thermophiles

Hyperthermophiles
Mesophiles

Psychrotrophs
Psychrophiles

Rate of growth

\

10 20 30 40 50 60 70

Temperature (“C)
Copyright @ 2001 Banjamin Cummings, an imprint of Addison Weslay Longman, Inc.
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Microbes ~are chemistry

nzymatic reactions
occurring at maximal
possible rate

Enzymatic reactions Optimum
occurring at increasingly

rapid rates

o
©
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Minimum

Maximum —\

Temperature

Membrane gelling;
transport processes
so slow that growth




Microbes ~are chemistry

Relative voltage (Pe°(W)) Relative voltage (Pe°(W))
Oxidants _10

Organic
carbon

\ NO, +6
NO;/NH,

Mn(II) MnO, +10

NO3 /N, +12
0, +14

Nealson and Rye 2004

C,H,O,N,P,S, Fe...
LIS



synergy

1ICa

log

- (micro)bio

Chemic
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Alvinella pompejana




Alvinella pompejana
ectosymbiosis




hyptila

Riftia pac

Oceanogra;“’&ﬂstitution.

Photo credits: Richard Lutz, Rutgers University, ﬁ@phen Low Productions, and Wqﬂs '



Riftia pachyptilc
endosymbiosis




Chemical speciation drives
the (micro)biology




Chemical speciation: active vent

! '250C
ok
Unseen part of
2°C . the Wand




Chemical speciation:
active vent

0.5 m above ven
25 °C; pH = 4.00

Major signals due to @
FeS & free H,S ,

No O,

No free Fe(ll)




Chemical speciation:
VAWAILENIE

where tube
S
chimney




Chemical speciation:
VAWAILENIE

In Alvinella hole

Major signals due to
FeS & Fe(ll)

No O,

No free H,S




Chemical speciation:

Riftia
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Chemical speciation:
R I f tl a Riftia field

8.5 °C; pH = 6.39

Major signals due to
O, & free H,S

No FeS or Fe(ll)

Free H,S required by

chemoautrophic
symbionts



Chemical speciation:
“rusty” Riftia




Chemical speciation:
“rusty” Riftia

"rusty” Riftia -
8.6 °C; pH 7.5

Major signal due to O,

No FeS or Fe(ll)

No free H,S

Tubes encrusted with
Fe(lll)




...the subseafloor
(the next frontier)

Are they alive?

Who is there?

What are they doing®
What are the rates?
C, N, Fe, S, etc...

Does their influence scale to this vast habitat size?

A hidden majority 1n the ocean crust?




Pressure 7l CORK

e N Accessing the deep
- = - subsurface

Thermistors

Sedimﬂmt —
Igneous <— Casing
Basement ] <— Open

l Il/ Hole

1

Fractures

|

|

|

L

Animation from A. Fisher



Accessing the deep subsurface
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Accessing the deep subsurface

Video courtesy K. Becker



Subseafloor chemistry

OSMO-tracer
OSMO-acid
2008

2009

2010

2011
Seawater

L 4
A
o
©)
O
®
O

10 20 30 40 50 60 10 20 30 40 50 60
Mg?* (mM) Mg®* (mM)

Lin et al. 2011
EEEE——————



Subseafloor chemistry

Fluids sampled from
Pacific Ocean water (P16) CORKs using new

@ CORK1301A pumping systems

FH CORK 1025C

[ Bottom Seawater at 1301A e DOC in Hole 1301A ~1/3

of bottom seawater,

net removal ~ 2.4

nmol/L/yr (similar to

deep ocean)

| .
(<)
)
[\
2
()]
8
=
=
n

* Actual rate of DOC
removal in the crust
likely to be higher
because of sources (e.g.,

200 0 -200 -400 -600 -800 -1000 LR KA Te
sediment)
DIC A14C

Lin et al. 2011
EEEE——————



Deep-sea hydrothermal systems

Seawater changes into hydrothermal fluid

Plume: Mn2*, HsSiO4, FEOOH, MnO3,

CHs, Fe?*, FexSy, Ha, Ha$S

~350°C

)

/ﬁ '
\W 2-60°C

addition of H*, MnZ*, H,SiOs,
H:S, CH4, CO;,, Hy, Ca?*, Fe?*...

400°C

HT reaction zone

a source
1200°C

2-4°C

2°C

seawater entrainment

removal of Mg?*, SO4*, Ca, O,

Hydro-
thermal Sea-
Fluid water
(MOR)
Temp (°C) ~400 2
pH (at 25°C) 28-45 8
H.S (mmol/kg) 0-19.5 0
Na (mmol/kg) 10.6-983 | 464
SO4 (mmol/kg) 0 28
Cl (mmol/kg) 30.5-1245 | 545
Mg (mmol/kg) 0 53
Methane (uM) 978 <<|
CO: (uM) 5753 31
H2 (uM) 78 <<|

After Reysenbach & Cady 2001.

CH4 CO3, H; data from Wankel et al 201 |,

other data from Tivey, 2007




