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ten-year-vision:

authentic molecular representation of complex natural systems

05— MM » 201

55 W

Green Bank 12Northeast Channel
St. Pierre Bank 13 Scotian Gulf
Banquereau 14The Gully

Sable Island Bk. 15Laurentian Fan
Emerald Bank 16 Halibut Channel
Sambro Bank  17Haddock Channel
Browns Bank 18 South Whale Basin
Georges Bank 19Des Barres Canyon
Magdalen Shelf 20 Trinity Trough

10 German Bank  21Notre Dame Ch.

11 Western Bank  22Funk Island Bk.

LN HEWN-




the discontinuous universe of organic matter
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THE DISCONTINUOUS UNIVERSE OF NOM

NOM incorporates the hugely disparate characteristics of
abiotic and biotic complexity.

%
°, ] o aq0
‘36, a genetic code initiates and controls
(J

higher plants
/ the synthesis of functional,

discrete molecules

the fundamental laws of thermodynamics

and kinetics govern the fate (diagenesis
and degradation) of a continuum of

binding sites, which act to buffer

. 2%, against any environmental extremes

timeline

Coevolution of NOM and life occurred throughout the entire history of the earth.

no molecules with properties even remotely similar to NOM exist



fundamental building blocks of terrestrial life

4 nucleobases S ign&ltu'}/e S
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> 2 lipid precursors

FTICR mass spectrum
of a biological sample
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terrestrial biosignatures
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repeating constitutional sub-units or atomic ratios

systematic isotopic ordering at molecular and intermolecular levels

uneven distribution patterns [carbon numbers, concentrations, 8(130)]
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characteristics of abiotic complexity N S
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abiotic synthesis of complex geochemical & '
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under the restraints of given kinetics and ° o5 os  ovs 1
thermodynamics (concentration, redox G Rt

conditions, temperature, irradiation)

In abiotic complex mixtures, a
sizable coverage of the

Is readily observed

(extraterrestrial) abiotic molecular

complexity resulting from entropy-driven
mathematical synthesis rivals and likely
exceeds that of terrestrial biochemistry wwwnasagovmutimediaimagegalieryimage-feature_401.htm




isolation of natural organic matter

method of NOM isolation defines the material itself more than anything else
retain organics, discard anything else...........

extensive structural selectivity in case of chemical methods

physical and chemical extraction

to be
permanently isolated not
absorbed retained
extraction / adsorption XAD family

solid phase extraction SPE (PPL, C18, C8, C2, CN-E, etc....)

tangential ultrafiltration UF

reverse osmosis / electrodialysis ROED



hypothesis-driven target analysis <+—» models

e. g. determination of trace contaminants in water: organics, metal ions,...

intentionally qiscriminating; destructive

data-driven molecularly resolved non-target analysis

assessing molecular composition and chemical structures A
of complex unknowns, e. g. natural organic matter

unselective, S;Jeciaycanser\/ing:
here, the matrix is the tnrgat

v
models @ > inventory



aspects of molecular complexity
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human perception of NOM molecular structure derives
from analytical methods which provide data-reduced
projections of the chemical structure space

data reduction intrinsic averaging

full coverage of C,H,O-compositional
space by NOM across sizable ranges
of mass and H/C and O/C ratios

the total space of
molecular structures

isotope-s_pecific \ 2 m— 200-700 Da
projection of ; ) e :  Pos. + neg. ions
atomle environments isomer-filtered projection results in N A  negative ions only
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in-earth and on-earth global carbon cycle and its
interactions across deep time (Ga ~10° years)

~R % 24,
mass, ., ~6 * 107 kg

not to scale !!!
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primordial organic matter on Hadean (> 4 Ga) and Archean ( 2.5 Ga) earth

large quantities of organic matter were avaliable on Earth since its formation

interstellar and planetary disk molecules

photosynthesis on CH,/N, atmosphere produces CHN-tholins
(still ongoing on Saturn moon Titan)

high-energy impact synthesis from purely inorganic precursors
(Fe/Ni, C and carbonates, N,, NH, water)

impact of ordinary (~0.2 % C) and organic chondrites (up to 3% C) in
late heavy bombardment

conceivable abiotic synthesis of organic compounds from in-earth carbon
(carbon, carbides, carbonates)






mineral evolution and natural organic matter (NOM) in deep time
ABIOTIC MOLECULAR INTRICACY BIOTIC MOLECULAR COMPLEXITY

rich diversity of three-dimensional structures, ultimately derived from a very few

maximum molecular diversity from precursor molecules: uneven distribution patterns (isotopic, enantiomeric, — 5000

entropy-driven m?themaﬂca' synthgsis diastereomeric and structural isomer preferences,
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anomalies in the distribution of isotopes enable elucidation
of mechanisms during formation of the solar system

Stellar origin of the 182Hf cosmochronometer and the presolar

Fig. 3. Schematic
timeline of the solar
system formation. The
r process LE contributed
129] to the early solar
system, the s process LE
contributed *’Pd and
82Hf and self-pollution
of the star-forming
region contributed the
lighter, shorter-lived
radionuclides, such

as 26Al.

history of solar system matter 24 W L8 L84 135y
Maria Lugaro et al. g L 1
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Neutron number

presolar grains from silicon sarbide (SiC)

best-studied of any of the known presolar grain types

range in size from 0.1 - 20 microns

commonly arise from AGB" stars (carbon-rich old red giant star)
presolar SiC grains are commonly isotopically unusual

-
1 1 T >
-100 Myr -30 to -10 Myr  star-forming star birth 0 +4570 Myr
r process S process nebula self—'pollution'by Solar System today
neutron star merger AGB star winds massive star winds formation meteoritic
or peculiar supernova and supernovae analysis



deep carbon inventory and carbon cycle 6
mass of earth = 5.97219 * 102 kg volume of earth = 1.08321 * 10! m®

mass of carbon = 7.4 * 10%° kg mass volume
mass of kerogen = 1.6 * 10" kg [%]  [%]
mass of oceans = 1.3 * 10" kg atmosphere 0.0014 38
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deep carbon cycle: transfer mechanisms and key carbon-based redox reactions

3 Fe,Si0O, +2H,0 = 2Fe,0,+38i0,+H,
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organo-mineral interaction - the deep time perspective

the H, C, O, metal ratio is critical for evolution of stars and planetary systems

primordial organic molecular diversity exceeds mineral diversity;
extensive organo-mineral interaction (catalysis, protection, redox-chemistry,...)
with complex temporal evolution was active from the beginning of molecules
and early condensates (gas grain chemistry)

(carbon) mineral evolution driven by

- physics (separation, concentration, outgassing, crystallisation, melting, leaching)
- chemistry (temperature, pressure, volatiles: CO,, H,O, O,)

- biology (local and global compositional gradients at non-equilibrium conditions)
operated with organic matter evolution
even today ~ 1/2 of all bioactive molecules may use metal coordination

the deep biosphere bridges biological and geological element cycles and timescales

LITHOAUTOTROPHY (e.g. H, + CO,%) @‘hout sunlight

mineral-molecule nanoscale interactions at (hydrothermal) fluid-rock interfaces




Yellowstone hotspot and caldera: one of the most active volcanic systems in the world

in-earth and on-earth global carbon cycle and its
interactions across deep time (Ga ~10° years)

~6 * 102 kg

not to scale !!!
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Yellowstone supervolcano features
the largest hydrothermal system worldwide



Yellowstone supervolcano: its past volcanic blasts dwarf any in recent history
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Yellowstone caldera derives from the largest supervolcano on the American continent

62 % of worldwide hydrothermal features (> 10000): hot springs, geysers, mud pots, fumaroles, acid lakes

large flux of heat (2W / m?) and volatiles (4.5 * 10" kg CO, per day)

gases: COZ, HZS, NH.,, CO and volatiles, dissolved in hydrothermal fluids: CI', F, SO42‘, HCOS‘

Yellowstone hot springs show different
connectedness with primary thermal
waters, shallow meteoric aquifers
and other crustal fluids

3 physiographic types
intra-caldera

caldera-rim

extra caldera

4 compositional types
alkaline-chloride
mixed alkaline-chloride
acid chloride sulfate

travertine-producing

volcanic history and recent seismic activity in the Yellowstone region
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basic principles of hydrothermal organic matter synthesis and transformation

20°C | 300°C

acetone / ethanol
at 20°C: 20.7/24.5

chemical evolution of kerogen with temperature

O and H derived
solely from kerogen
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depend on temperature/ density 0997 0.713 organic matter and its
transformation by

ionic condensation,
cleavage and hydrolysis
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basic principles of hydrothermal organic matter synthesis and transformation

Seewald JS, Nature, 426 (2003) 327-333

hydrocarbons in liquid water are highly reactive : —
ti dt t d stepwise oxidation of n-alkanes at
at Increased iemperatures ana pressures elevated temperatures and pressures

n-Alkane 1 n-Alkene

H, H
R—C—C—CH, === R—C—C=CH, + H,

hydrolytic disproportionation i H,

C,H,,+2H,0=C,H,,+2CH, + 2CH,COOH \
oxidation of hydrocarbons by sulfate R_C_g._o: /H o

SO,” + 3H,S = 45° + 2H,0 + 20H" H2 \ ;

45" + 1.33CH, + 2.66H,0—=41L.§ + 1.33C0), Cotbale ke, T oS (4SOl 5

N

n-Alkanes + CO, R + CO, CO, + CH, 2CO, + 4H,

thermochem ica | su Ifa te reduction ( TSR) Overall reaction: RCH,CH,CHs + 4H,0 — R + 2CO, + CH, + 5H,

CasS0, + hydrocarbons—CaCO; + I8 4+ IO+ 8§+ CO;

complex array of metastable thermodynamic equilibria,
which are highly dependent on pressure and temperature

presence of (reactive) minerals will enable further reaction trajectories
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organo-mineral interaction - the deep time perspective

the H, C, O, metal ratio is critical for evolution of stars and planetary systems

primordial organic molecular diversity exceeds mineral diversity;
extensive organo-mineral interaction (catalysis, protection, redox-chemistry,...)
with complex temporal evolution was active from the beginning of molecules
and early condensates (gas grain chemistry)

(carbon) mineral evolution driven by

- physics (separation, concentration, outgassing, crystallisation, melting, leaching)
- chemistry (temperature, pressure, volatiles: CO,, H,O, O,)

- biology (local and global compositional gradients at non-equilibrium conditions)
operated with organic matter evolution
even today ~ 1/2 of all bioactive molecules may use metal coordination

the deep biosphere bridges biological and geological element cycles and timescales

LITHOAUTOTROPHY (e.g. H, + CO,%) @‘hout sunlight

mineral-molecule nanoscale interactions at (hydrothermal) fluid-rock interfaces




key inorganic properties of 4 key compositional types of Yellowstone hot springs
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FTICR mass spectra of four selected Yellowstone hot springs

FTICR mass spectra enable

Intensity

assignment of thousands of
molecular compositions
with exceptional sensitivity
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organic matter speciation follows inorganic speciation
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huge variance of organic matter composition is found in individual Yellowstone hot springs
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huge variance of organic matter composition is found in individual Yellowstone hot springs
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huge variance of unique molecular compositions is found in individual Yellowstone hot springs
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FTMS-based unique molecular composition of the four consolidated YDOM compared with those
of 114 consolidated aquatic NOM (Greenland, Sweden, Brazil, Antarctica, Sargasso Sea)
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relationships between NVIR observables and SPE-DOM molecular features

NMR offers quantitative depiction of atomic chemical environments mediated by relaxation
relaxation is affected by atomic mobility and local symmetry of coordination environments
T, relaxation: spin - lattice energy transfer
T, relaxation: spin - spin transfer of entropy (loss of phase coherence: Av=1/T,)
sp? carbon : trigonal (high chemical shift anisotropy); high CSA

sp? carbon : (pseudo)tetrahedral (low CSA = chemical shift anisotropy)

lake SPE-DOM is a polydisperse mixture of molecules
with a huge range of molecular properties and considerable diversity of interactions
on all size and time scales
semi-crystalline aggregates may show long T, relaxation rates

large and interacting molecules will show fast T, relaxation (and large line width)

chemical exchange will affect both T, and T, relaxation



"H NMR spectra (800 MHz, CD,OD) demonstrate that four YDOM are chemically
more distinct than a diversity oriented set of 20 arctic and boreal Swedish lakes
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'H, 'TH TOCSY NMR spectra of YDOM reveal aliphatic and aromatic spin systems
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H, 13C HSQC NMR spectra of YDOM reveal aliphatic and aromatic spin systems
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'H, *C HSQC NMR spectra of OCH_ region
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contrasting consolidated / average properties of four YDOM against a diversity-oriented set of
114 DOM samples (freshwater, estuarine and marine waters) revealed fundamental distinction in
mass spectra, EEM fluorescence spectra and NMR spectra
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Conceptual framework of YDOM transformation in Yellowstone hot springs
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microbial NOM
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» ground
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and structure follow inorganic speciation

the composition of YDOM is largely defied by chemistry, with restricted
modulation by microorganisms of limited overall diversity

YDOM composition and structure starkly contrasts with that of all
other terrestrial DOM (freshwater, estuarine, marine, glacial, atmospheric)



THE DISCONTINUOUS UNIVERSE OF NOM

NOM incorporates the hugely disparate characteristics of abiotic and biotic
complexity. Coevolution of NOM and life occurred throughout the entire history
of the earth. However, the origin of life on earth (with an ever decreasing
apparent time scale for deployment) and the conditional relationships between
abiotic and biotic complexity are not yet understood at all.

ABIOTIC MOLECULAR INTRICACY BIOTIC MOLECULAR COMPLEXITY

entropy-driven mathematical synthesis uneven distribution patterns (isotopic, enantiomeric, diastereomeric and structural isomer preference)

biotic evolution (red queen concept) : biotic interactions in ecosystems
operate local and on short time scales

>
&
S

man

a genetic code initiates and controls synthesis of
¥/ higher plants evolutionary tested, functional discrete molecules

extra-

tofresirlal BIOCHEMISTRY

abiotic — Wiisoiitogsiins B - i-tiuliiciulessossUSCICIUSIUSSUIININE

synthesis - | BIOGEOCHEMISTRY

thermodynamics and kinetics produce
NOM with a continuum of binding sites
which buffer against environmental extremes

driven by physical environment on extended time scales
increase of atmospheric temperatures)

abiotic timeline biotic timeline
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