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ABSTRACT

Multiple abiotic and biotic factors combine in nature to influence the formation
of calcium carbonate limestone deposits. Systems Geobiology studies of how
micro-organisms respond to, or sometimes even control, the coupled effects of
environmental change and mineralization will permit more accurate
interpretation of the fossil record of ancient microbial life. Mammoth Hot
Springs in Yellowstone National Park, USA, serves as a natural laboratory for
tracking how the dynamic interplay of physical, chemical and biological factors
come together to form hot-spring limestone (called ‘travertine’). Systematic
downstream correlations occur at Mammoth Hot Springs between travertine
deposition (geomorphology, crystalline structure and geochemistry), microbial
communities (mat morphology, pigmentation, and phylogenetic and metabolic
diversity) and spring-water conditions (temperature, pH, geochemistry and
flow). Field-based microscale and mesoscale experimentation indicates that
microbes directly influence travertine growth rate and crystalline structure.
At the macroscale, time-lapse field photography and numerical modelling
suggest that travertine terrace geomorphology is influenced strongly by
hydrology, heat dispersion and geochemistry. These results from Mammoth
Hot Springs allow establishment of a conceptual framework across broad spatial
and temporal scales in which to track how multiple geological and biological
factors combine to control CaCOj crystal precipitation and the resulting
formation of travertine deposits.

Keywords Mammoth Hot Springs, microbial ecology, Sulfurihydrogenibium,
travertine, water chemistry.

INTRODUCTION approaches; (ii) field and laboratory experimen-

tation; and (iii) synthesis and prediction across
Earth science exploration in the Twenty-First broad spatial and temporal scales. A remarkable
Century is moving from a focus on individual succession of recent technological advancements
geological processes to questions of how multiple in the physical and life sciences now make
physical, chemical and biological phenomena this possible. For instance, knowledge of micro-
simultaneously interact in nature. This shift in biological composition, distribution and func-
emphasis necessitates a broad cross-disciplinary tion in natural environments (the ‘OMICS’
integration of: (i) reductionist and holistic sciences; Blow, 2008) is being propelled by
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rapidly expanding capacities in molecular
sequencing and bioinformatics [National Resea-
rch Council (NRC), 2007; Dinsdale et al., 2008;
Frias-Lopez et al., 2008]. At the same time, new
instrumentation is continually being developed
for optical, mineralogical, structural, chemical,
hydrological and sedimentological analyses at, or
below, the 1 pum average diameter of single
microbial cells (Stephens & Allan, 2003; Sweed-
low et al., 2003; Lipfert & Doniach, 2007; Garcia,
2008; Stock, 2008; U.S. DOE, 2008). As a result, a
wide array of fundamental physical and chemical
processes can now be simultaneously measured,
correlated and mechanistically linked with bio-
logical processes that range from the single cell to
entire ecosystems.

The emerging field of ‘Systems Geobiology’
links microscale and mesoscale geological, bio-
logical, physical and chemical processes with
macroscale environmental processes (Fig. 1), the
goal of which is to more accurately interpret the
record of fossilized micro-organisms (biomarkers;
Allen et al., 2000) preserved in ancient rock
[Banfield & Nealson, 1997; Agouron, 2001; Amer-
ican Society for Microbiology (ASM), 2001; Knoll,
2003; Konhauser, 2007; Dilek et al., 2008; Ehrlich
& Newman, 2009]. Understanding the relative
influence of abiotic and biotic controls on cal-
cium carbonate (CaCO;) limestone deposition is
an important focus area of this research (Schne-
idermann & Harris, 1985; Stanley, 2001; Ridgwell
& Zeebe, 2005). Of the many terrestrial and
marine environments in which limestone accu-
mulates, limestone deposits in hydrothermal sys-
tems (called ‘travertine’; Sanders & Friedman,
1967; Pentecost & Viles, 1994) provide an espe-
cially sensitive record of complex interactions
between microbes and the environment (Chafetz
& Folk, 1984; Folk, 1993, 1994; Pentecost, 1995,
2005; Ford & Pedley, 1996; Fouke et al., 2000;
Riding, 2000); this makes travertine an important
target in the search for ancient microbial fossils
that formed on the early Earth (Walter & Des
Marais, 1993; Riding, 2000; Pentecost, 2005).
The challenges now facing Systems Geobiology
research in carbonate hot-spring ecosystems are
to: (i) develop the conceptual, contextual, exper-
imental and technical approaches required to
simultaneously track biotic and abiotic interac-
tions in modern environments; and (ii) directly
apply these results to interpret ancient hot-
springs travertine and other key terrestrial and
marine environments of limestone deposition.

The largest assemblage of terrestrial hot springs
in the world occurs in Yellowstone National Park
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Fig. 1. Cross-disciplinary and contextual nature of
Systems Geobiology research, in which simultaneous
physical, chemical and biological analyses are linked
directly to the spatial and temporal contextual frame-
work.

(YNP) and is heated by the largest volcano on
Earth (Smith & Siegel, 2000). Mammoth Hot
Springs (MHS), at the northern boundary of
YNP (Fig. 2A), is one of the only easily accessible
hot-spring complexes in the world that remain in
their natural state because of long-term protection
by the United States National Park Service (NPS).
Several decades of research at MHS has shown
that modern travertine crystal fabric, chemistry
and rapid precipitation rates (<5 mm day')
result from the complex interplay of both biotic
and abiotic processes (Friedman, 1970; Fouke
et al., 2000, 2003; Zhang et al., 2004; Kandianis
et al.,, 2008; Veysey & Goldenfeld, 2008). In
addition, MHS and nearby Gardiner, Montana
(Fig. 2A), contain a sequence of ancient Holocene
and Pleistocene travertine deposits that permit
interpretations from the modern hot springs to be
directly applied to the geological record of fossil
travertine deposits (Bargar, 1978; Sorey, 1991;
Sturchio, 1992; Sturchio ef al., 1994; Sorey &
Colvard, 1997). The intent of this review is to
summarize the research at MHS, which quantifies
the dynamic interplay of physical, chemical and
biological processes that influence travertine
deposition, to better understand broader
questions for other environments of limestone
deposition in the emerging field of Systems
Geobiology.
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Fig. 2. Regional maps of Yellowstone National Park (YNP) caldera and the Snake River Plain (SRP) volcanic track. (A)
Map of YNP illustrating the position of Mammoth Hot Springs (MHS) and Gardiner with respect to the Yellowstone
caldera, the Norris Geyser Basin, Yellowstone Lake and the primary roads in Yellowstone (modified from Lowenstern
& Hurwitz, 2008). (B) Trajectory of the Yellowstone hot spot track (dark line with arrowhead) that progresses from the
original 16 to 15-1 Myr old McDermitt volcanic field, through the successive migration of SRP volcanic fields, to the
current position of the 2 to 0-64 Ma Yellowstone volcanic plateau (modified from Pierce et al., 2007).

YELLOWSTONE GEOLOGICAL AND
HYDROLOGICAL SETTING

Yellowstone National Park is a showcase of more
than 12 000 hot springs, geysers, fumeroles and
mud pots that are heated by the immense
Yellowstone supervolcano (Fournier, 1989, 2005;
Rye & Truesdell, 2007). The vent water at these
sites exhibits a bimodal distribution in pH (Fig. 3)
that reflects the complex interplay of regional
hydrology, bedrock geology and potentially the
metabolic activity of heat-loving micro-organisms
(thermophiles). Yellowstone National Park strad-
dles the Yellowstone Plateau, a crescent-shaped
complex of high volcanic plateaus and mountain-
ous terrain at the north-east end of the Snake
River Plain in the western United States (Pierce
et al., 2007; Fig. 2B). All aspects of the geology,
topography, climate and biota comprising the
greater Yellowstone ecosystem reflect the direct
thermal influence of the Yellowstone super-
volcano, which initially formed over 16 Ma at a
location near the Nevada-Oregon border (Fig. 2B).
Since then, the south-west-moving North Amer-
ican plate has migrated over a relatively station-
ary mantle thermal plume (‘hot spot’), which
forms the Snake River Plain volcanic track and its
present culmination at the 2 Myr old Yellowstone
Plateau (Fig. 2B; Pierce et al., 2007; Morgan et al.,
2009a). The supervolcano last erupted 640 ka to
form the present elliptical 50 x 80 km Yellow-
stone volcanic caldera (Fig. 2A; Christiansen

et al., 2007). The crust underlying the caldera is
composed of an upper silicic magma chamber at
5 to 10 km depth (Fig. 4) that has fuelled most of
the volcanism over the past 2 Myr, as well as
lower basaltic intrusions at 20 to 25 km depth
that provide heat and CO,-rich waters to the YNP
hydrothermal system (Husen & Smith, 2004;
Lowenstern & Hurwitz, 2008; Morgan et al.,
2009b). Hot springs immediately adjacent to the
northern flank of the caldera occur atop a succes-
sion of Mesozoic sedimentary rocks overlain by
welded ash flows (Fraser et al.,, 1969), while
thermal features within the caldera are underlain
by a complex sequence of volcanic rhyolites and
ash flows (Pierce et al., 2007; Fig. 4).

Mammoth Hot Springs is the second largest site
on Earth of active travertine deposition after
Pamukkale, Turkey (Pentecost, 2005). Mammoth
Hot Springs lies 40 km north of the caldera rim
(Fig. 2A) in the subsiding Norris-Mammoth cor-
ridor that extends into the Corwin Springs Known
Geothermal Resources Area (KGRA; Sorey, 1991;
Fig. 4). Furthermore, MHS is the only major area
of hydrothermal vent activity in YNP outside of
the caldera (Sorey, 1991; Sorey & Colvard, 1997;
Kharaka et al., 1991, 2000; Rye & Truesdell,
2007). The complex subsidence structure of the
Norris-Mammoth corridor has required intensive
research efforts over several decades to determine
the source and age of the spring-water that
emerges at MHS (White efal,, 1975; Sorey,
1991; Sorey & Colvard, 1997). Mammoth Hot
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Fig. 3. Vent water pH values from
hydrothermal features in Yellow-
stone National Park. The graph
represents data collected from 7700
of the more than 12 000 geothermal
vents in Yellowstone and is derived
from analyses performed by the
Yellowstone Center for Resources
and made available through the
Yellowstone NSF Research Coordi- 0
nation Network website (http:// 0 1
www.rcn.montana.edu/).
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Springs spring-water 6D and 6'°0 values suggest
they have been derived from shallow subsurface
recharge of Holocene and/or Pleistocene Gallatin
Mountain snowmelt precipitated at 2-5 to 3 km
elevation. These surface waters then flowed into
the subsurface along the Swan Lake fault system
(Kharaka et al., 1991, 2000). Only in this northern
part of Yellowstone are the meteoric water 6D
values sufficiently low and the subsurface geo-
logical plumbing adequate to deliver recharging
meteoric waters deep into the caldera hydro-
logical system (Rye & Truesdell, 2007). Theoret-
ical estimates for recharge age and subsurface
residence time are difficult to constrain and range
from less than 2000 years to greater than
11 000 years (Rye & Truesdell, 2007). The
3He/*He values and concentrations of Cl, B
and CO, at Mammoth imply that the meteoric
recharge has been mixed in the subsurface with a
magmatic water source derived from the Norris
Geyser Basin (Kharaka et al., 2000). An alterna-
tive model suggests that heat and volatiles are
sourced from a separate, yet currently unknown,
magmatic source emplaced under Bunsen Peak
just south of Mammoth (Kharaka et al., 1991,
2000).

The springs at MHS expel Ca—Na-HCO3-SO,
type CO,-rich waters at a maximum temperature
of 73°C and a pH of ca 6 (Fig. 3). Mammoth Hot
Springs spring-water chemistry and travertine
6°*S and ¥Sr/*°Sr indicate that subsurface
water-rock interactions have occurred at as
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Mammoth Hot Springs

Norris Geyser Basin

much as 100°C with Mississippian-age Madi-
son Group limestone and evaporite deposits
(Kharaka et al.,, 1991; Sorey, 1991; Sorey &
Colvard, 1997; Fouke et al., 2000; Rye & Trues-
dell, 2007). Spring-water emerging at MHS is
therefore supercharged with dissolved CO, as a
result of these subsurface water—rock interac-
tions (Sorey, 1991). The small extent of spring-
water deuterium fractionation detected in MHS
spring-water (+0-2 to +0-4%, A0D SMOW; Fried-
man, 1970; Kharaka et al., 1991) suggests that
little to no boiling has taken place in the
subsurface. Thermal water discharge at MHS
reaches 600 Ls™', of which 10% erupts onto the
MHS travertine terraces and 90% flows directly
into the Gardiner River at the Fire Hole spring
(Sorey, 1991; Sorey & Colvard, 1997). Tempera-
ture readings taken during drilling of the U.S.
Geological Survey (USGS) Y-10 well that pene-
trated the entirety of the MHS travertine section
(White et al., 1975), combined with later bore-
hole temperature logging (Sorey, 1991), indicate
subsurface water temperatures of 72°C in the
western portion of the MHS complex (Fig. 5C).
The Y-10 borehole waters also exhibit a
4% higher ground water pressure head and
a 10% elevation in dissolved Cl and SO,
concentrations than the rest of the MHS complex
(Sorey, 1991); this implies that deep ground
water flows up into the MHS complex near the
Y-10 well site in the south-west and then flows
to the north-east (Sorey, 1991).
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Overview of Mammoth Hot Springs travertine

The classification scheme for CaCO; deposits
precipitated in ‘terrestrial’ settings includes the
terms ‘travertine’ (precipitates from high-temper-
ature springs, also called carbonate sinters), ‘tufa’
(precipitates from low-temperature springs, lakes,
and waterfalls) and ‘speleothem’ (precipitates
from waters in low-temperature to high-tempera-
ture subterranean caves or fracture systems;
Sanders & Friedman, 1967). In the present review,
the term ‘travertine’ will be used to refer to the
modern and ancient limestone deposits that have
precipitated in the 25°C to 73°C hot-spring out-
flow drainage systems at MHS (Pentecost & Viles,
1994). Furthermore, ‘travertine’ will be used in a
purely descriptive sense, based solely on rock
properties (i.e. grain-size, shape, composition and
mineralogy) and without interpretation of the
depositional environment. Travertine classifica-
tion schemes that incorporate interpretations of
water temperature, slope, geomorphology and
biological processes (Pentecost et al., 2003; Pen-
tecost, 2005) have been established for other
spring systems but do not apply consistently at
MHS and, therefore, have not been used.
Long-term observation, sampling and monitor-
ing at MHS has been conducted at Angel Terrace
Spring AT-1, AT-2, AT-3 and Narrow Gauge
(Fig. 5A and B). Travertine deposition shifts from
site to site as the spring vents migrate, stop flowing
and re-emerge in a new location (Weed, 1889;
Allen & Day, 1935; Freidman, 1970; Bargar, 1978;
Fouke et al., 2000). The geomorphology of the
travertine deposits at MHS was first described by
Weed (1889), then Allen & Day (1935) and pre-
sented in more detail by Bargar (1978). Macro-scale
(=5 m thick) travertine deposits consistently form
large stepped terraces with a flat top, distinct break
in slope and an inclined front margin. Striking
examples include Minerva Terrace, Main Terrace
and Highland Terrace (Fig. 6A). Each terrace is
composed of smaller interbedded mesoscale (05 to
1 m thick) travertine geomorphologies (Fig. 6B),
which include terracettes, domes and fissure-
ridges (Fig. 6B to E). In the case of terracettes
and domes, spring-water is expelled from small
(<10 cm diameter) cylindrical vents (Fig. 6D
and E). Asymmetrical semi-circular terracette
deposits form when the vents emerge on a
hillside slope (Fouke et al., 2000; Goldenfeld
et al.,, 2006; Fig. 6A and B). Symmetrically
rounded travertine domes are deposited when
the vent erupts on a flat surface (Chan & Golden-
feld, 2007; Fig. 6D), the best-known of which is
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Fig. 5. Location of hot springs and the Y-10 well within the Mammoth Hot Springs complex. (A) Line tracing of an
aerial photograph showing the location of hot springs and the USGS Y-10 well along the Upper Terrace Loop road at
MHS. (B) Topographic map of MHS showing the location of the hot springs studied at Angel Terrace (AT-1, AT-2 and
AT-3) and Narrow Gauge. Dark circles indicate the position of vents, dark lines are fractures and grey fields indicate
outflow drainage patterns. Note that Narrow Gauge exhibits a series of vents that emerge along a fracture. (C) Strati-
graphy and formation water temperatures from the USGS Y-10 well (modified from White et al., 1978 and Sorey, 1991).

Liberty Cap (Fig. 6E). Travertine fissure-ridges
form where hot-spring water emerges along a
fracture and flows in opposite directions away
from the fracture line source to form an elongate
symmetrical travertine mound (Fig. 6C). Narrow

Gauge is a complex hybrid deposit of all three of
these geomorphologies, with individual vent
point sources developing along a fracture to form
terracettes, domes (Fig. 6D) and fissure ridges, all
in one system. Smaller-scale (1 mm to 05 m)
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Highland Terrace

Fig. 6. Travertine geomorphology at Mammoth Hot Springs. (A) Westward view from the National Park Service
Albright Visitors Center at MHS of the Minerva, Main and Highland Terrace complexes in January, 2008. (B)
Westward view of travertine terracettes at Spring AT-3 (Fig. 7B) in July 2004. (C) Fissure-ridge travertine deposits on
the eastern margin of Angel Terrace in July 2004. (D) A series of domed travertine deposits at Narrow Gauge (Chan &
Goldenfeld, 2007) in January 2002, which are forming along a fracture containing yellow sulphur-rich travertine
deposits. (E) The Liberty Cap travertine dome in January 2002.

step-shaped microterracettes form on the outer
surface of terracette, dome and fissure-ridge depos-
its. In addition, the Mammoth—Gardiner corridor
also contains a nearly continuous depositional
time-series of modern-to-ancient hot-spring trav-
ertine accumulation that exhibits all three of the
terracette, fissure ridge and dome geomorpho-

logies. This accumulation includes a 73 m thick
sequence of Recent and Holocene travertine depos-
its at MHS (Chafetz & Guidry, 2003; Fig. 5B)
and Pleistocene travertine deposits in Gardiner,
Montana (Sorey, 1991; Sturchio et al., 1994).
Each position along the MHS outflow drainage
system is composed of as many as four primary
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Fig. 7. Schematic cross-section of the travertine—
microbe—water environments comprising the floor of
hot-spring drainage systems at Mammoth Hot Springs.

components, which include (Fig.7): (i) the
overlying flowing spring-water; (ii) thin sheets
of CaCOj crystals (calcite ice and calcified bub-
bles) that precipitate on spring-water surface
tension in regions of slow flow rates; (iii) the
fresh, actively precipitating, uppermost travertine
surface that is interwoven with living microbial
mats; and (iv) older underlying previously depos-
ited travertine. In place (in situ) travertine crys-
tallization experiments indicate that the average
rate of CaCO; precipitation is lowest at the vent
(0-2 mg cm™® h™') and highest in the immediately
adjacent outflow regions of the drainage system
(1:0 mg cm™® h™"). As a result of these extremely
high precipitation rates, the uppermost 05 cm
thick surface of travertine substrate (Fig. 7) accu-
mulates in as little as 15 to 75 days. This time
scale is significantly shorter than the several
months to years over which vents and outflow
paths generally remain stationary (hot-spring
outflow cycles are described in a later section).
Therefore, if the hot spring has been consistently
active and flowing for several weeks prior to
sampling, then the uppermost layer of crystalline
travertine can be assumed to have precipitated
directly from the spring-water currently flowing
over that specific sample site.

MODERN MAMMOTH HOT SPRINGS
TRAVERTINE-WATER-MICROBE
SYSTEM

The intent of the present work at MHS has been to
identify, understand and predict the interplay of
physical, chemical and biological phenomena
(Fig. 1) that control the formation of hot-spring
travertine. To achieve this goal, the crystalline
composition and geomorphology of the MHS
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travertine deposits were first described as a
function of surface topography and downstream
position within the drainage system. The geo-
chemistry of the travertine and the overlying
spring-water from which it precipitated was then
superimposed on the travertine deposits. Finally,
microbial community analyses were embedded
strategically within the hot-spring geological and
geochemical system. This process established the
contextual framework for MHS summarized in
Table 1, in which the geological and biological
factors that influence modern travertine deposi-
tion at MHS were identified and tracked into the
ancient travertine deposits at MHS and Gardiner.
The study of a natural system like MHS is
confronted by the coupled challenges posed by
scale and complexity (Anderson, 1972; Golden-
feld & Kadanoff, 1999; Schmidt & Lipson, 2009).
To address and incorporate these factors, the
primary physical, chemical and biological com-
ponents of MHS were placed in a ‘Powers of Ten’
framework (Fig. 8; Morrison et al., 1994; Dodick
& Orion, 2006; Jones et al., 2009). This type of
evaluation illustrates that the MHS geobiological
system spans a dynamic spatial range from 10~ to
10° m (Fig. 8). Furthermore, it shows that analy-
ses at the scale of 1 mm to 1 cm are required to
link macroscale fieldwork with microscale
laboratory analyses (Fig. 8). This Powers of Ten
framework guided experimental design, analyti-
cal measurement, modelling and eventual inter-
pretation and synthesis of the multiple factors
that control hot-spring travertine deposition.
Concentrated research on carbonate hot springs
around the world has documented that multiple
abiotic and biotic processes simultaneously
engage in a constant, interactive balancing act to
influence the crystalline fabric and geochemical
composition of travertine precipitation (i.e. Fried-
man, 1970; Usdowski et al., 1979; Amundson &
Kelly, 1987; Chafetz et al., 1991; Dreybrodt et al.,
1992; Fouke et al., 2000; Pentecost, 2005). Spe-
cifically, the primary controls are a complex
interplay of parameters that include: (i) spring-
water chemistry (for example, pH, HCOj3, pCO,,
elemental abundance and resultant saturation
state); (ii) physical processes (for example, tem-
perature change, degassing, boiling, steaming,
evaporation and dilution); (iii) hydrology (for
example, flow rates, flux and surface area); and
(iv) biotic activities (for example, microbial photo-
synthesis, respiration and biochemical effects;
see literature summaries in Pentecost, 1995, 2005;
Ford & Pedley, 1996; Fouke et al., 2000). These
physical, chemical and biological components,
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Fig. 8. The Powers of Ten hierarchical spatial structure of Mammoth Hot Springs.

which are different at each position along the
primary flow path, act in concert to form a
succession of different types of travertine along
the hot-spring drainage system.

Travertine depositional facies

The MHS drainage systems are floored by a
downstream sequence of morphologically dis-
tinct travertine depositional facies (Fouke et al.,
2000, 2001; Fig. 9; Table 1). Each facies is a
distinct type of sedimentary rock unit composed
of a suite of specific characteristics (i.e. grain-size,
shape, fabric, mineralogy and geomorphology)
that reflect the combined physical, chemical and
biological processes that were active in the envi-
ronment of deposition (Gressly, 1838; Wilson,
1975; Walker & James, 1992; Cross & Homewood,
1997; Fliigel, 2004). Mammoth Hot Springs trav-
ertine is unique from other limestone in that its

formation is due almost exclusively to the in situ
precipitation of CaCOj; crystals directly from the
flowing spring-water column, rather than from
the transport and deposition of sedimentary
particles (Fouke et al., 2000; Kandianis et al.,
2008). Furthermore, the MHS travertine facies
model has global application, having been ob-
served consistently in other modern and ancient
hot-spring systems around the world (Fouke
et al., 2000, 2001; Veysey et al., 2008).

A downstream succession of vent, apron and
channel, pond, proximal-slope and distal-slope
facies occurs at MHS (Fouke et al., 2000; Fig. 9;
Table 1). The upstream and downstream bound-
ary of each of these five travertine facies is
determined by systematic changes in CaCOj
crystal mineralogy, shape, size and geomorpho-
logy. Travertine fabrics previously described at
MHS (Farmer & Des Marais, 1994a,b; Pentecost,
1995; Farmer, 2000) are included in the facies
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Facies Vent Apron and Channel Pond Proximal Slope Distal Slope
TO°C 73 -66 70 - 60 62 -39 65 - 35 44 - 28
pH 6-0-67 6-4-72 6-7—8-0 69 -8-0 7-3-8-1
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Fig. 9. Travertine depositional facies at Mammoth Hot Springs. (A) Field photograph of Angel Terrace Spring AT-1
(location shown in Fig. 5A). (B) Schematic cross-section of the travertine depositional facies (modified from Fouke
et al., 2003).
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model (Fouke et al., 2000). The composition and
relative downstream sequence of the travertine
facies is re-established as the hot springs shift
their position as a result of changes in the flux of
spring-water exiting the vent, as well as the
closing of existing vents and the opening of new
vents (Fouke et al., 2000, 2001). The crystalline
structure, chemistry and stratigraphy of the mod-
ern travertine facies therefore create a baseline
with which to make accurate comparisons
between modern springs, reconstruct ancient hot
springs from fossil travertine deposits and iden-
tify diagenetic alterations (Fouke et al., 2000;
Chafetz & Guidry, 2003).

The vent facies is a shallow bowl-shaped
depression (<5 m in diameter) surrounding the
vent orifice (€3 cm in diameter) that is encrusted

Apron and
“hannel Facies

Vent:
| EIES

Kacies

Aprion and
Channel'Eacies

25 cm

Hot-spring systems geobiology 181

by hemispherical mounds of densely crystalline
travertine (Fig. 10). These travertine mounds
average 10 to 30 cm in diameter and periodically
build to the water—air interface (Fig. 10). In thin-
section, the vent facies travertine is composed of
radiating bundles of long and relatively broad
(<80 um x 5 um) aragonite needles that nucleate
from dark irregular micron-scale microcrystalline
cores that are replaced microbial filaments
(Fig. 11A).

The vent facies grades downstream into the
apron and channel facies, which is floored by
sinuous deposits of travertine called ‘streamers’
(Farmer, 2000) that reach tens of centimetres in
length (Fig. 12A and B). Each streamer filament is
composed of aragonite needle botryoids that are
significantly smaller (<20 pm x 0-5 pm) and less

RIING 1)

Apron‘and
Channel'Eacies

Fig. 10. Field photographs of the MHS travertine vent facies. (A) Overview of the vent facies and apron and channel
facies at Spring AT-1 in July 2003. (B) Hot-spring water emerges from the vent at 73°C to form a turquoise pool floored
with mounded white travertine deposits. (C) Gradational contact of the mounded white travertine of the vent facies
with the characteristic beige sinuous streamer travertine of the apron and channel facies. (D) The irregular bumpy
surface of the mounded travertine deposits in the transitional region from the vent to the apron and channel facies

[enlargement of the area shown in panel (C)].
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Fig. 11. Polarized-light photomicrographs of the characteristic crystal growth structure of Mammoth Hot Springs
travertine. (A) Vent facies travertine composed of radiating bundles of long and broad aragonite needles (up to
80 pm x 5 pm). (B) Apron and channel facies travertine composed of radiating bundles of aragonite needles (up to
20 pm x 0-5 pum) that are shorter and thinner than those that precipitate in the vent facies. (C) Pond facies travertine
composed of shrub-like clusters of fine aragonite needles (up to 10 pm x 0-25 um). (D) Proximal-slope facies trav-
ertine composed of shrub-like clusters of fine aragonite needles (up to 10 pm x 0-25 pm) that are linear or concave-
upward. (E) Distal-slope facies travertine composed of irregular blocky calcite (up to 20 pm x 20 pm). (F) Feather
calcite crystals (up to 60 pm x 5 pm) that are common in the distal-slope facies and sometimes form on the floor of
microterracettes in the proximal-slope facies.
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Siem

Pond Facies

Fig. 12. Field photographs of the Mammoth Hot Springs travertine apron and channel facies at Angel Terrace Spring
AT-1 in January 2004. (A) Overview of the apron and channel facies. (B) The characteristic sinuous streamer fabric of
the apron and channel facies [enlargement of the area shown in panel (A)]. (C) Schematic cross-section of the abrupt
transition from the apron and channel facies to the pond facies, with filamentous microbial mats that grow near the
water surface and extend into the deeper water of the pond. During periods of increased spring-water outflow from
the vent, the apron and channel facies travertine progrades into the pond at and near the water surface, forming a
ledge that will eventually completely cover the pre-existing terracette if hot-spring water flow remains high.

(D) Photograph of the transition from non-encrusted to travertine encrusted microbial filaments.

densely packed than the vent facies aragonite
(Fig. 11A and B). The streamer filaments form as a
result of the encrustation of filamentous thermo-
philic bacteria by radial bundles of aragonite
needles (Fig. 11C and D). The encrusted micro-
bial filaments become micritized as they decay,
creating a solid microcrystalline core within each
streamer filament. The transition from the apron
and channel facies to the pond facies is a sharp
contact located at the downstream position where
the spring-water velocity slows dramatically as it
enters the pond facies terracette pool (Fig. 12C
and D). Streamer travertine deposits near the
surface of the water extend laterally out into the
downstream pond (Fig. 12C and D). If spring-
water flux from the vent increases, a travertine

streamer pavement will eventually entirely cover
the immediately adjacent downstream pond
facies terracette pool (Fig. 12C and D; hot-spring
flow cycles described in later sections).

The pond facies is composed of metre-scale
terracettes, which are tall (05 to 15 m high)
hemispherical travertine ponds with buttresses
that create a dam (or lip) that contains and slows
the flowing spring water (Figs 9A, 13A and 13C).
Each pond facies terracette forms on the flat-lying
top margin of pre-existing terraces (Fig. 6B),
unlike the smaller microterracettes of the proxi-
mal-slope facies that precipitate on the steeply
inclined terrace foreslopes (Fig. 13C; described
below). The pond facies exhibits a wide range in
spring-water temperature and pH conditions and

© 2010 The Author. Journal compilation © 2010 International Association of Sedimentologists, Sedimentology, 58, 170-219
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Fig. 13. Field photographs of the Mammoth Hot Springs travertine pond facies. (A) Overview of the abrupt down-
stream transition from the apron and channel facies to the pond facies at Spring AT-1 in January 2003. (B) Lip of the
pond facies travertine dam at the margin of a terracette, showing formation of a roll wave, encrustation of a monarch
butterfly and the abrupt transition to scalloped microterracettes of the proximal-slope facies (in July 2008). (C)
Schematic cross-section of the pond facies lip. (D) Field photograph of the pond facies lip in July 2008. (E) Calcite ice
rafts forming on the surface of microterracette ponds. (F) Travertine-encrusted water bubbles at the margin of a pond.

can be divided into: (i) high-temperature (>58°C) and D; Bargar, 1978; Pentecost, 1990) composed
ponds that contain rounded, shrub-like, clusters of small (20 pm X 0-5 pm) aragonite needles orga-
of aragonite up to 20 cm in diameter (Fig. 11A, C nized into small dendritic clusters (Fig. 11C); and
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(ii) low-temperature (<57°C) ponds that form composed of 50 to 100 um diameter blocky to
ridged networks of microcrystalline aragonite 1 columnar calcite crystals and small (<10 pm)
to 2 cm in height (Farmer, 2000). Thin carbonate acicular aragonite (Fig. 14A to D) precipitate at
‘ice-sheets’ and calcified bubbles (Fig. 13E and F) the pond air—water interface (Allen & Day, 1935;

Calcite

L }Ar’agoni-t_él. -

S &5 A . 2 Ay dew & . o Y Al L )
Fig. 14. Petrography of travertine comprising encrusted bubbles, calcite ice and microterracette pond lips. (A) and
(B) Paired polarized-light photomicrograph and SEM image of aragonite and calcite crystals encrusting a hot-spring
water bubble in pond facies travertine [the field photograph is shown in panel (F)]. (C) and (D) Paired polarized-light
photomicrograph and SEM image of aragonite and calcite crystals comprising calcite ice sheets. (E) and (F) Field
photograph and plane-light photomicrograph of the lip of a microterracette in the proximal-slope facies.
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186 B. W. Fouke

Bargar, 1978; Chafetz et al., 1991; Fouke et al.,
2000). Thicker ice sheets form when pond flow
decreases (Allen & Day, 1935; Bargar, 1978).
In addition, aragonite needles form dumb-bell-
shaped aragonite needle aggregates (‘fuzzy dumb-
bell’ of Folk et al., 1985; Buczynski & Chafetz,
1991; Chafetz & Buczynski, 1992; Folk, 1993,
1994). Fuzzy dumb-bells on the underside of
calcite ice sheets are flattened on one side,
reflecting their growth at the water—air interface
(Fig. 14C and D).

The proximal-slope facies begins immediately
downstream of the pond facies on the steepened
foreslope of travertine terraces, creating cascading
arrays of microterracettes that vary considerably
in length (Fig. 15). Three categories of proximal-
slope microterracettes have been observed. The
first are ca 5 cm to 15 m diameter microterra-
cettes that exhibit a well-defined pond and lip
similar in shape and form to the larger pond
facies terracettes (Fig. 15C and D). The second are
mounded microterracettes on approximately the
same 5 cm to 1-5 m diameter scale, but which do
not have a well-established pond and form on
lower angle slopes (Fig. 15F and E). The third
category is composed of small 1 mm to 1 cm
diameter fluted and scalloped microterracettes
that grow on the front face of both pond facies
terracettes (Fig. 13C and D) and proximal-slope
facies microterracettes (Fig. 16D, E and F; Chafetz
& Folk, 1984; Guo & Riding, 1992). All three
classes of proximal-slope microterracettes are
composed of similar aragonite needle clusters
organized into shrub-like growth structures that
grow in either linear or concave upward trajec-
tories (Figs 11D, 14E and F).

A gradual transition takes place into the distal-
slope facies as the mineralogy transitions from
aragonite to calcite and the travertine forms broad
low-relief microterracettes on very low-angle
slopes (Fig. 16A and B). Each microterracette is
connected laterally to others, which is distinct
from the individually enclosed small scalloped
microterracettes that occur in the proximal-slope
facies (Fig. 15B and C). The floor of each micro-
terracette pond in the distal-slope facies is filled
with encrusted pine needles and 1 to 3 mm
diameter calcite spherules (Fig. 16C and D).
However, the low spring-water flow velocities
present in the distal-slope facies require that a
mechanism other than current driven spring-
water motion is responsible for the spherule
morphology. The distal-slope facies microterra-
cette and spherule travertine is composed of two
distinct types of calcite crystal growth. The first

are 5 to 30 pm diameter blocky to prismatic
calcite crystals (Fig. 11E) that are sometimes
aggregated into branching irregular stalks. The
second are dendritic calcite ‘feather crystals’
growing on the floor of microterracette ponds
(Fig. 11F; Chafetz & Folk, 1984; Folk et al., 1985;
Guo & Riding, 1992).

Spring-water flow dynamics

The hot springs at MHS exhibit significant
spatial and temporal fluctuations in temperature
and chemistry as a result of changing water
depth, flux and extents of mixing along the
course of their outflow drainage channels. This
effect creates a succession of gradually varied
(in the interior of each facies) to rapidly varied
(at the downstream margin of each facies) open-
channel flow conditions. Velocities range from
less than 10 cm s~ in the pond facies to over
35 cm s~' in the proximal-slope facies (Fouke
et al., 2000; Veysey et al, 2008). Associated
variations in vent flux vary from 10 to 60 1s™"
over time periods of a few weeks to months
(Veysey et al., 2008). A hydraulic jump occurs as
the spring-water shallows from the vent facies to
the apron and channel facies (Figs 9 and 10).
Conversely, hydraulic drops occur at the apron
and channel facies contact with the pond facies
(Figs 9 and 12). Because of this hydraulic vari-
ability, it has been necessary to identify the
primary flow path (Veysey et al., 2008; Fig. 17)
as a means to accurately sample, analyse and
link travertine—water—microbe feedback interac-
tions from upstream to downstream positions
within the travertine facies model. Consistent
utilization of the primary flow path has also
provided the contextual framework for recon-
struction of the spring-water pH, temperature
and flux from ancient hot-spring travertine facies
(Veysey et al., 2008).

Because advection dominates these drainage
systems, the primary flow path has been defined
by spring-water flux, temperature and pH in the
context of the travertine facies accumulation
patterns (Veysey et al., 2008). A single flow path
(Fig. 17) can be defined in a Lagrangian frame of
reference as the points traversed by a parcel of
water as it migrates from the hot-spring vent
facies to the distal-slope facies. Given a contigu-
ous area covered by spring-water within a drain-
age system, the primary flow path is the set of
points at a given distance from the vent that are
traversed by the largest volume of water.
The primary flow path can rarely be identified
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0:5'm

Fig. 15. Field photographs of the Mammoth Hot Springs travertine proximal-slope facies. (A) Overview of the 50 m
high proximal-slope facies at Canary Springs in July 2009. (B) Overview of the 10 m high proximal-slope facies at
Spring AT-2 in November 2008. (C) Microterracettes comprising the proximal-slope facies at Spring AT-3 in October
2005. (D) Enlargement of a microterracette pond lip at Spring AT-1 in November 2002. (E) Rounded microterracettes
comprising the proximal-slope facies at Spring AT-1 in November 2002. (F) Microterracettes forming on the proxi-
mal-slope facies at Spring AT-3 in January 2007.

by visual inspection, particularly in the type of Therefore, the primary flow path is best identified
shallow turbulent flow present in the apron and as the trajectory along which temperature
channel, proximal-slope and distal-slope facies. decreases most slowly as a function of distance
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Fig. 16. Field photographs of the Mammoth Hot Springs travertine distal-slope facies. (A) Overview of the gradual

transition and associated decrease in slope from the proximal-slope facies to the distal-slope facies at Spring AT-1 in
January 2000. (B) Broad and shallow microterracettes that are characteristic of the distal-slope facies. (C) and (D) Each
microterracette has a distinct margin and is floored with small calcite spherules, as well as decaying pink-tinted and

travertine-encrusted pine needles.

and is the local minimization of dT/dr (T = tem-
perature, r = distance along the flow path (Veysey
et al., 2008). In a practical field-based sense, the
primary flow path is determined from co-ordi-
nated field measurements of temperature and pH
at successively larger arcs of distance with move-
ment away from the vent. When combined with
qualitative observations within the facies model,
this approach allows sampling strategies to be
established that account for mixed flow paths,
regardless of variations in water depth, velocity or
changes in underlying topography (Fig. 17).
Large-amplitude interfacial waves (called ‘roll
waves’) are a common hydraulic feature at MHS.
These waves have a consistent shape and speed
that is created by instabilities in the gravity-
driven turbulent sheet flow of spring-water as it
progresses down slope (Ponce & Maisner, 1993;

Balmforth & Mandre, 2004; D’Alessio et al.,
2009). Although roll waves do not occur in the
vent, apron and channel, pond and distal-slope
facies, they are often observed rhythmically
pulsing down the proximal-slope facies. Spring-
water near the lip of pond terracettes and micro-
terracettes forms millimetre-scale buildups as a
result of surface tension (Fig. 13B). Once the
surface tension is overwhelmed by the mass of
the accumulating spring-water, it is released to
spill over the pond lip where it generates regular
and widely-spaced roll waves that propagate
down the steeply inclined proximal slope.
Qualitative field observations suggest that the
frequency and distribution of the roll waves
exhibit no spatial or temporal correlation with
travertine microterracettes, thus implying they
are not directly involved in their formation.
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Fig. 17. Field photographs indicat-
ing the position of the primary flow
path within the vent, apron and
channel, pond and proximal-slope
facies at Mammoth Hot Springs. (A)
Spring AT-1 in November 2002. (B)
Spring AT-3 in November 2005.

Spring-water and travertine geochemistry

After the spring-water emerges from the ground in
the vent facies and flows downstream to the
distal-slope facies, the temperature has cooled to
25°C and the pH has increased two units, primar-
ily as a result of the loss of dissolved carbon
dioxide gas [CO, (g)]. These changes along the
primary flow path serve to increase the capacity
of the spring-water to precipitate CaCOj; in
accordance with the following chemical reaction:

Proximal Slope
Facies

- Cayppilfinh
{Rlbiie

Ca*"(aq)+2HCO; (aq) — CaCOs3(s) +CO2(g) +H,0

The equilibrium saturation state with respect to
aragonite (Q,) of the emerging spring-water at the
vent is 149 + 0-11, which is considered an over-
estimation because of strong kinetic effects that
are observed throughout the system (Kandianis
et al., 2008). Therefore, Q, is effectively near, or
just slightly above, a value of one and the vent
spring-water is thus unlikely to be capable of
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self-sealing the vent with travertine precipitation.
It is not until after the spring-water leaves the
vent, comes into contact with the atmosphere and
rapidly degasses CO,, that the remarkably high
rates of CaCOj; precipitation are attained (Fouke
et al., 2000; Kandianis et al., 2008). As a result,
the frequent closure and migration of vents at
Mammoth is probably the result of gravity-driven
compression and closure of subsurface vent con-
duits as the travertine settles under its own
weight during rapid accumulation.

Mammoth Hot Springs spring-water tempera-
ture and pH indicate that the broadest variability
occurs in the pond facies, whereas the narrowest
range occurs in the vent and distal-slope facies
(Fig. 18A). The vent is held fixed by the steady
influx of homogeneous source water. Conversely,
spring-water temperature and CO., fugacity in the
distal-slope facies asymptotically approaches
equilibrium with respect to both the atmosphere
and travertine; this accounts for the overall lower
rate of travertine precipitation measured down-
stream (Fouke et al., 2000) and explains the
decreased variation in pH (Fig. 18A). The tempo-
ral fluctuations in temperature exhibit the same
trend (Fig. 18A) and are consistent with data from
temperature loggers placed in the pond and
proximal-slope facies (£9°C with differences in
day-time and night-time air temperatures as large
as 20°C, Veysey et al.,, 2008). Facies-specific
changes in downstream 6'°C and 6'®0 values of
both the spring-water and travertine have also
been observed (Fig. 18C and D). With respect to
the oxygen isotope values, equilibration between
atmospheric CO,, DIC and H,O is nearly instan-
taneous and thus no fractionation is expected
during abiotic degassing (Truesdell & Hulston,
1980). However, the small positive shift in spring-
water §'°0 values suggests that some downstream
evaporation is occurring (Fig. 18C; Gonfiantini,
1986).

To evaluate the relative influence of CO,
degassing (Friedman, 1970; Pentecost, 1995; Guo
et al., 1996) versus biological photosynthesis
(Amundson & Kelly, 1987; Guo et al., 1996;
Pedley et al.,, 2009), the measured travertine
isotopic values have been compared with calcu-
lated isotopic values for travertine in thermo-
dynamic equilibrium with the spring-water in
each facies (Fig. 19A and B). The small fraction-
ation of oxygen and carbon isotopes between
aragonite and calcite does not change with tem-
perature or precipitation rate and, thus, will not
change across the mineralogical transition from
the vent to the distal-slope facies. Downstream

co-variations in travertine and spring-water aque-
ous geochemistry were used to identify specific
sites along the primary flow path where biological
activity may be most likely to influence travertine
deposition (Fig. 20). For example, the entire MHS
drainage system is influenced strongly by CO,
degassing as indicated by Rayleigh-type fraction-
ation calculations of spring-water §'°C values
versus dissolved inorganic carbon (DIC) concen-
trations (Fig. 18B; Fouke et al., 2000). However,
the relative ordering of spring-water 6'°C versus
DIC co-variations (Fig. 18A) is not consistent with
the actual downstream sequence of depositional
facies. This observation suggests that biological
processes that impact dissolved CO, concentra-
tions may be influential in the apron and channel
facies, as well as the pond facies (Fig. 18A).
The pond facies (Fig. 20) is a site where spring-
water flux is low enough and microbial biomass
large enough that it might control spring-water
chemistry and thus overprint the geochemical
fractionation effects of CO, degassing recorded in
the travertine (Figs 18B, 18C, 18D, 19A and 19B).

Another target for studying biological influence
on travertine deposition is the steep redox gradi-
ent of the apron and channel facies, informally
referred to as the MHS ‘“Perfect Geochemical
Storm’. Biogeochemical cycling of sulphur at this
position may strongly influence the environmen-
tal chemistry, microbial metabolic pathways and
resulting travertine geochemistry (Inskeep et al.,
2005; Fig. 20C). The &°*S compositions of
dissolved sulphate in the spring-water and the
sulphate in the travertine do not change signifi-
cantly along the primary flow path (Fig. 19C).
These data have identified an unexpected frac-
tionation effect that may be biological in origin,
where the travertine is consistently as much as
3%, heavier than the dissolved sulphate in the
spring-water (Fig. 19C).

Microbial communities

Microbial mat morphology and pigmentation
provide a valuable field-based indication of
microbial diversity and distribution in hot-spring
drainage systems throughout YNP (Brock, 1978;
Hugenholtz et al., 1998; Ward & Castenholz, 2000;
Dyer, 2003; Sheehan et al., 2005). An especially
striking example of this is the correlation between
microbial pigments and spring-water geochem-
istry in chemotrophic mat communities inhabiting
siliceous acid—sulphate—chloride hot-spring drain-
age channels in the Norris Geyser Basin (Inskeep &
McDermott, 2005). Analogous relationships occur
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at MHS along transects from: (i) upstream to
downstream along the primary flow path;
(ii) shallow-to-deep water within vent pools; and
(iii) laterally across spring-water drainage chan-
nels (Fig. 17). The microbial mats at Angel Terrace
and Narrow Gauge (Fig. 21) range from less than
0-5 to 3 mm in thickness, with the thickest mats
developed in the deep and slower moving water of
the pond facies. The overall thin nature of the
MHS mats relative to other sites in YNP (Stal,
2000; Inskeep & McDermott, 2005) presumably
results from the extremely high rate of travertine

precipitation (Kandianis et al., 2008). This rapid
mineralization serves to dilute the mats with
crystal growth during rapid entombment of the
growing mat surface.

Each of the travertine depositional facies is
distinctly different in microbial mat morphology
and pigmentation (Fig. 21). The vent facies con-
tains thin (<1 mm) translucent to light beige
microbial mats that form an irregular bumpy
surface on the mounded substrate deposits of
travertine (Fig. 10). High concentrations of sul-
phur crystals in the vent facies sometimes further
tints the vent mats a dark greenish-yellow
(Fig. 6D). Filamentous microbial clusters up to
5 cm in length and 1 mm in diameter sometimes
grow in clusters at the shallow-water margins of
the travertine bowl surrounding the vent. The
apron and channel facies is floored by trans-
lucent to light beige Aquificales-dominated
microbial filaments and mats (Fouke et al.,
2003) that form the sinuous travertine streamer
fabric (Fig. 12). These mats abruptly end down-
stream where naked non-CaCO4 encrusted micro-
bial filaments, up to 10 cm in length extend near
the water surface as a thin sinuous sheet into the
deeper pooled water of the pond facies (Fig. 12C
and D). Remarkably, the rate of travertine min-
eral precipitation is so high in the apron and
channel facies (<3 mm day') that the filamen-
tous mats are fully cemented to form a solid
substrate just a few centimetres upstream from
the non-encrusted filaments (Fig. 12). During
dusk each day, these filamentous microbial mat
communities exhibit a bright pink salmon-
coloured pigment. At the time the field photo-
graph in Figure 21A was taken at Narrow Gauge,
spring-water flux from the vent had recently
increased and the deep salmon coloured mats of
the apron and channel facies streamers were
prograding over the pond facies and had begun
to encrust the proximal-slope facies. These
pigments track high-temperature diurnal biogeo-
chemical cycling and anoxygenic photosynthesis
in the apron and channel facies (Madigan, 2005).

The pond and proximal-slope facies contain a
wide variety of microbial mat morphologies and
pigmentations. The most common of these micro-
bial mats are briefly described here. The highest
temperature (63 to 65°C) pond facies contain
translucent mats that have a bleached appearance
caused by the white colour of the travertine shrub
deposits with which they grow (Fig. 21A).
Conversely, microbial mats in the intermediate
temperature (55 to 63°C) ponds exhibit bright
orange and dark brown pigments that are mixed
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along the drainage system.

in with areas of translucent mats. These mats
assume the morphology of the pond facies trav-
ertine with which they are growing, and range
from ridged-network (Fig. 21B) to shrub textures
(Fig. 13B and D). The lowest temperature (35 to
55°C) ponds exhibit an extremely wide variety of
dark green to brown and even black microbial

mats (Fig. 21C to F). One of the most common
varieties of microbial mats are thick, light to dark
green in colour, and form fields of small vertical
cylinders that eventually rise to the upper surface
of the pond spring-water (Fig. 21C and D).
Although not yet studied in detail, each mat
cylinder (also called a ‘gas lift-off structure’) is
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Fig. 21. Field photographs of microbial mat communities inhabiting the travertine facies. (A) Bright salmon-
coloured microbial mats at dusk in the apron and channel and proximal-slope facies at Narrow Gauge in November
2008. (B) Brown ridged network microbial mats in the mid-temperature pond facies at Spring AT-3 in June 2004.
(C) and (D) Green gas lift-off microbial mats and associated gas bubbles encrusted in calcite ice in the lower
temperature pond facies at Spring AT-1 in November 2002. (E) Heavily travertine-encrusted gas lift-off microbial
mats around a microterracette lip in the proximal-slope facies at Spring AT-3 in October 2005. (F) Multi-coloured
microbial mats in the microterracettes of the proximal-slope facies at Spring AT-1 in January 2001.

apparently derived from the accumulation of gas A similar mechanism, but with presumably
bubbles within the mats that gradually float to the lower volumes of trapped gas, may also influence
pond surface and stretch the mat upward with it. the formation of the ridged network fabrics
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(Fig. 21B). Once the mat cylinders reach the pond
surface, concentric rings of calcite ice sheets form
at the water—air interface (Fig. 21C). Furthermore,
gas sometimes does escape from the mats and
accumulates under the calcite ice sheets, creating
gas-filled and travertine encrusted bubbles
(Fig. 21D). Finally, the distal-slope facies con-
tains thin, light brown microbial mats that exhibit
the microterracette and spherule morphologies
of the travertine with which they grow (Fig. 16C
and D).

Culture-independent molecular surveys further
substantiate that the microbial communities at
MHS are highly correlated with the downstream
succession of travertine depositional facies (Fou-
ke et al., 2003). Polymerase chain reaction (PCR)
amplification and sequencing of microbial 16S
rRNA genes with universally-conserved bacterial
primers identified over 553 unique partial and
104 complete sequences (derived from more than
14 000 clones) affiliated with 221 unique species
that represent 21 bacterial divisions (Fig. 22A;
Fouke et al., 2003). These sequences exhibited
less than 12% similarity in bacterial community
composition between each of the travertine depo-
sitional facies. As expected with decreasing
temperature, microbial community diversity in-
creased downstream from seven and 21 ribotypes,
respectively, in the vent and apron and channel
facies, and to 84 and 70, respectively, in the
proximal-slope (Fouke et al., 2003). 16S rRNA
ribotypes affiliated with uncultured Cren-
archaeota, Euryarchaeota and Korarchaeota have
also been detected using universal Archaeal
primers in samples from the vent facies at Angel
Terrace. Although several potential biases exist
that prevent direct reconstruction of microbial
community structure from 16S gene sequence
clone libraries (Hurst et al., 2002), the libraries
presented in Fouke et al. (2003) are sufficient to
make reliable first-order estimates of bacterial
community composition. Some of the most pro-
minant bacteria affiliated with clones detected in
the vent facies and apron and channel facies is
Aquificales (pBB, OPB 30, OPS1). Conversely, the
microbial communities in the pond, proximal-
slope and distal-slope facies are significantly
more diverse, including Green Non-Sulphurs
(OPB65, Chloroflexus), Green Sulphurs (Chloro-
bium), Aquificales, cyanobacteria (Synechococ-
cus and Spirulina) and other members of the
Bacteroides, Cytophagales, Flexibacter and Fir-
micutes. 16S rRNA gene sequence analysis of the
bacteria inhabiting steam that rises from each
travertine facies identified only three sequences
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that were identical or similar to those detected in
the hot-spring system (Bonheyo et al., 2005). The
remaining 90% of the steam clone library con-
tained sequences that have not previously been
identified at MHS, implying that they may have
been transported into the park as bioaerosols
(Bonheyo et al., 2005).

The downstream facies partitioning of the
bacterial communities has been shown graphi-
cally by establishing Operational Taxonomic
Units (OTUs) from the clone libraries (Martin
et al., 2010). Operational Taxonomic Units are
utilized because they provide a means to identify
different organisms while avoiding the difficulty
of defining, and consistently applying, the con-
cept of a ‘species’ to microbes that reproduce
asexually (Stackebrandt & Goebel, 1994). By
convention, each OTU is defined as a distinct
16S rRNA gene sequence determined at 0-5%, 1%
and 3% cutoffs in similarity to gene sequences
previously identified in other environments and
submitted to GenBank (Stackebrandt & Goebel,
1994). The lower OTU bound at 0:5% is based on
the PCR sequence error rate (Tindall & Kunkel,
1988; Barnes, 1992), whereas the upper bound at
a difference of 3% is the standard used in most
studies (Stackebrandt & Goebel, 1994). Of the 237
OTUs identified using the 1% cutoff, 91% were
found to occur in only one of the travertine facies
(Fig. 23B; Martin et al., 2010). Similar microbial
community partitioning was observed for the
0-5% and 3% cutoffs (90% and 93% partitioning,
respectively). Furthermore, consistency between
accumulation curves (after Hughes et al., 2001)
based on the three OTU cutoff definitions with
theoretical exponential curves, suggests that the
sampling procedure, assumptions of random
sampling and environmental sequence saturation
were adequate enough in the data set of Fouke
et al. (2003) to map microbial distributions (Mar-
tin et al., 2010). This observation further confirms
that the hot-spring microbial communities are
correlated strongly with the travertine deposi-
tional facies. Accumulation curves based on 3%,
1% and 0'5% OTU definitions consistently sup-
port the sampling procedure and the assumption
of random sampling (Martin etal., 2010).
Furthermore, computational analysis of the rela-
tive abundance or cover of the Fouke et al. (2003)
clone libraries, segregated into substrate versus
spring-water column clones, can now be used in
future studies to identify microbial candidates for
linking metabolic activity with travertine precip-
itation (Martin & Goldenfeld, 2006a,b; Martin
et al., 2010).
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downstream distribution of bacterial species at the 1% Operational Taxonomic Unit (OTU) definition.

for temperature, pH, nutrients, flow fields and
other key environmental parameters (Brock, 1978;
Hugenholtz et al., 1998; Madigan, 2001; Nord-
Thermophilic and mesophilic microbes and their strom et al., 2005; Madigan et al., 2006; Takacs-
community associations have specific preferences Vesbach et al., 2008). Thus, the extreme range of

Downstream transect of microbial community
diversity
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Fig. 23. Field photographs of the modern microbial mats and travertine comprising the apron and channel facies at

Spring AT-2 in October 2005. (A) Trajectory of the primary flow path through the upstream Fettuccine fabric and
downstream Cappillini fabric. (B) Enlargement of the Fettuccine fabric. (C) Enlargement of the Cappillini fabric.

environmental conditions present along the
primary flow paths at MHS would be expected to
contain a high diversity of micro-organisms.
However, the sharp partitioning of the MHS
microbial diversity with respect to the down-
stream succession of travertine facies is unex-
pected. The reproducibility of the multiple-field
sampling intervals from each facies suggests that
this is an accurate screen of the normal in situ
inhabitants of each facies (Fouke et al., 2003;
Martin et al., 2010). Only two 16S rRNA gene
sequences, which are affiliated with Aquificales
pBB and p-Proteobacterial (OPB 30) bacteria, were
detected in all five travertine facies. These auto-
trophic thermophiles may be able to tolerate
extreme changes in temperature, pH, pCO,, nutri-
ent availability and flow rate conditions that are
outside of their prime niche (Madigan et al., 2006).
It is also possible that these gene sequences were
washed down from upstream facies. Downstream
cell transport may take place via cell movement
and gliding within substrate biofilms and micro-
bial mats, cell suspension in the water column,
cells clinging to the fur of bison and elk that
occasionally enter the streams and cell attachment
to H,O molecules that rise as steam from the
water—air interface (bioaerosols; Bonheyo et al.,
2005). Therefore, it is possible that a higher
proportion of downstream bacterial transport is

occurring, but at levels below detection. However,
the bacterioplankton OTUs detected in the water
column, which are presumably most susceptible
to being flushed downstream, were not typically
detected downstream (Fouke et al., 2003; Martin
et al., 2010). Furthermore, the facies boundaries
proved to be nearly absolute with respect to
detected bacterial 16S rRNA gene sequences
(Fouke et al., 2003). Although specific 16S rRNA
gene sequences were observed over a range of
conditions within each travertine facies, OTUs
were not found to cross the facies boundaries.
The bacterial communities inhabiting environ-
ments equivalent to the pond facies have been
studied previously at Bath Lake, Narrow Gauge,
Roland’s Well and other unnamed springs within
the New Highland and Angel Terrace complexes
(Fig. 7A). Inhabitants include the purple sulphur
anoxygenic phototrophic bacterium Thermochro-
matium tepidum (Madigan, 2003, 2005) that
co-exists with the obligate phototroph Chloro-
flexus aurantiacus (Giovannoni et al., 1987) at
temperatures of 50 to 65°C and a pH of 6-5 (Ward
et al., 1989, 2001). Thermochromatium tepidum
is proposed to be the primary producer in
these high-temperature environments, given the
absence of cyanobacteria, continuous anoxia and
the lack of bacteriochlorophyll a (Giovannoni
et al., 1987; Ward et al., 1989). This primary
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production is supported by carbon isotope fracti-
onations between DIC and lipid biomarkers,
which suggest that the sulphate-reducing Chloro-
flexus and other chemo-organotrophs are growing
photoheterotrophically on carbon derived from
T. tepidum (van der Meer et al., 2003; Madigan,
2005). Chloroflexus forms orange mats and
contains bacteriochlorophyll (Bchl) ¢ or d and
chlorosomes (Pierson & Castenholz, 1995), and
shares physiological and biochemical properties
with both the purple and green anoxygenic
phototrophs (Madigan, 1984, 1988; Giovannoni
et al., 1987). Other members of the communities
include the cyanobacteria Synechococcus and
Spirulina (Ward & Olson, 1980; Papke et al.,
2003). Marked increases in methanogenesis upon
sulphate depletion indicated that methane pro-
duction in Bath Lake microbial mats is limited by
sulphate-reducing bacteria, and thus mirrors that
of anaerobic degradation in marine sediments
(Ward & Olson, 1980).

HALLMARKS OF MAMMOTH HOT

SPRINGS TRAVERTINE FORMATION
Mammoth Hot Springs exhibits
downstream correlations amongst travertine
facies (geomorphology, crystalline structure
and geochemistry), microbial communities
(phylogenetic diversity, mat morphology and
pigmentation) and spring-water parameters (tem-
perature, pH, geochemistry and flow; Figs 9, 18,
19, 20 and 22); this begs the question of how these
synchronously changing components of the nat-
ural hot-spring system might reflect interacting
geological and biological phenomena that control
travertine deposition. Possibilities include: (i) the
travertine and microbes are not directly mecha-
nistically linked with each other but are instead
simultaneously controlled by the same suite of
changing environmental conditions; (ii) the
microbes respond to environmental conditions
and, in turn, control travertine formation; (iii) the
travertine precipitates in direct response to envi-
ronmental conditions and, in turn, influences the
microbial communities; or (iv) a combination of
all three processes. To evaluate systematically
these options, three of the hallmark attributes of
the MHS travertine deposits have been chosen for
study. These attributes include: (i) travertine
terracettes and microterracettes at the macro-
scopic scale (tens of centimetres to tens of metres;
Goldenfeld et al., 2006; Veysey & Goldenfeld,
2008); (ii) travertine streamer fabrics at the

systematic

mesoscopic (millimetre to centimetre) and micro-
scopic (micrometre to millimetre) scales (Fouke
et al., 2000; Veysey et al., 2008); and (iii) traver-
tine growth rate (Kandianis et al., 2008) which
affects all travertine geomorphologies and depo-
sitional size classes.

Travertine terracettes and microterracettes

An important emphasis of the work at MHS has
been to determine whether the physical presence
and metabolic activity of microbial communities
are required to form the terraced travertine
deposits universally observed in high-tempera-
ture and low-temperature springs (Pentecost,
2005). To test this at the macroscopic scale, a
pattern analysis study of the travertine terracettes
and microterracettes in the pond and proximal-
slope facies (Figs 14 and 16) was completed by
integrating  time-lapse  photography  with
time-dependent computer simulation modelling
(Veysey & Goldenfeld, 2008). Three years of
time-lapse photography, taken from a fixed
position on the MHS Canary Springs boardwalk,
indicates that: (i) once a spring starts flowing, the
sloping ground surface is covered initially by
many small microterracettes; (ii) the margin or
‘lip’ of a downstream microterracette grows faster
than that of its directly upstream neighbours;
and (iii) eventually this microterracette deepens
and broadens to the point where upstream
microterracettes are drowned and incorporated
to form a significantly larger terracette (Veysey &
Goldenfeld, 2008). This upslope drowning
sequence was predicted independently with
cell dynamical system (CDS) and differential
equation modelling (Goldenfeld et al., 2006).
The latter approach integrates turbulent spring-
water flow with the aqueous conditions that
govern travertine precipitation, and indicates
that the shape of the microterracettes and terra-
cettes is scale-invariant (Veysey & Goldenfeld,
2008). The CDS models are based on theoretical
principles of fluid and crystal growth dynamics,
and have produced sub-metre to metre-scale
synthetic travertine geomorphologies that are
strikingly similar in shape and form to those
observed in the pond and proximal-slope facies.
This macroscale consistency between natural
and modelled patterns implies that the terracette
and microterracette geomorphologies may be
controlled primarily by abiotic physical and
chemical processes (i.e. heat diffusion, CO,
degassing and hydrology; Goldenfeld et al.,
2006; Veysey & Goldenfeld, 2008).
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Travertine streamers

Accurate reconstruction of microbial community
structure and activity from solid-phase travertine
crystalline fabric and chemistry is essential to:
(i) improve the identification of microbial life
preserved in modern and ancient carbonate
rocks (biomarkers); and (ii) better understand
the origin and ecology of early microbial life on
the ancient Earth (Riding, 2000; Knorre & Krum-
bein, 2000). Research on microbial CaCO; bio-
mineralization has provided valuable guides that
can now be used to identify mechanistic link-
ages between micro-organisms and the structural
and chemical properties of carbonate rock depos-
its (Thompson & Ferris, 1990; Buczynski &
Chafetz, 1991; Teng et al., 1998; van Lith et al.,
2003; Chekroun et al., 2004; Ferris et al., 2004;
Bosak & Newman, 2005). Three modes of
mineralization have been observed: (i) abiotic
or inorganic precipitation that is independent of
biological influences; (ii) biologically-induced
precipitation that is initiated by the physical
presence and/or biogeochemical activity of an
organism (for example, cellular matrix-medi-
ated); and (iii) biologically controlled precipita-
tion that is determined directly by a living
organism (for example, skeletal carbonates;
Lowenstam, 1981; Lowenstam & Weiner, 1982;
Mann, 2001; Weiner & Dove, 2003). However,
quantitatively diagnosing which of these modes
were dominant for a specific facies-constrained
travertine at MHS has required a combination of
morphological characterizations (Chafetz & Folk,
1984; Jones & Renaut, 2003a,b) and geochemical
reconstructions (Arp et al., 2001), as well as
microscopy and mineralogy (Neuweiler et al.,
1999).

The distinct sinuous fabric of the streamer
deposits comprising the apron and channel facies
(Fig. 12) is formed as a direct result of travertine
entombment of filamentous microbial mats. The
streamer fabric can only form when a thriving
filamentous microbial community is present at
the time of travertine deposition. Therefore,
ancient travertine streamer deposits are an
unequivocal microbial fossil, as well as a sensi-
tive indicator of the spring-water temperature, pH
and flux of the ancient environment in which the
microbes lived (Veysey et al., 2008). However, it
cannot be deduced from the apron and channel
facies streamer fabric alone whether the filamen-
tous microbes directly control travertine precipi-
tation, or simply serve as a passive substrate for
rapid mineralization.
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To investigate the extent to which microbes
may influence travertine streamer formation,
detailed mesoscale field inspection, sampling
and microscale laboratory analyses were com-
pleted of the apron and channel facies at multiple
springs in the MHS complex over a period of
several years (Veysey et al., 2008). This analysis
identified distinct upstream to downstream dif-
ferences in the structure of the streamer travertine
within the apron and channel facies, as well as in
the composition of the filamentous microbial
communities (Fig. 22; Fouke et al., 2003; Martin
& Goldenfeld, 2006a,b; Martin et al., 2010). The
upstream 69°C to 71°C portion of the facies,
called the ‘Fettuccine’ travertine streamer fabric,
contains large individual microbial filaments that
reach 2 mm in diameter and 10 cm in length
(Fig. 23A and B). These widely spaced (<05 cm)
filaments have thick sheets of draped extracellu-
lar polymeric substances (EPS) between filaments
that contain abundant elliptical holes presumably
created by water turbulence, gravity stretching
and gas bubble release (Fig. 23B). The down-
stream 65°C to 69°C portion, named the ‘Cappel-
lini’ travertine streamer fabric is composed of
filaments that are smaller in diameter (<0-5 mm),
shorter (<2 cm) and tightly packed with signifi-
cantly less EPS and no space between filaments
(Fig. 23C). As a result, the Fettuccine and Cap-
pellini fabrics directly mimic the morphology of
the filamentous microbial mats that they preserve
and are well-preserved in Holocene and Pleisto-
cene age travertine deposits of Mammoth, the
Gardner quarries and other locations around the
world (Veysey et al., 2008). Similar upstream—
downstream changes in microbial filament diam-
eters have been observed in other CaCO; and SiO,
hot spring mineral deposits around the world
(Lynne & Campbell, 2003; Pentecost, 2005).

Integrated high-resolution structural analyses
of the microbial filaments and associated traver-
tine streamer deposits at MHS are currently in
progress. Initial results indicate that each
individual decimetre-long microbial filament is
composed of small (5 to 20 mm) intertwined
microbial filaments and coccoidal cells (Fig.
24C). The surface of each microbial filament is
encrusted by small, densely packed aragonite
needles, whereas larger aragonite needles grow in
the EPS-rich interstitial void spaces in which
significantly larger aragonite needles are precip-
itated (Fig. 24D and E). Micro-computed tomo-
graphy (Micro-CT) indicates that once each
microbial filament is encrusted, the microbial
biomass is rapidly decayed and recrystallized,
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Fig. 24. Integrated high-resolution analyses of the travertine apron and channel facies Cappillini fabric. The sample
was collected from the field site shown in Figure 23C. (A) Hand sample photograph of dried specimen. (B) MicroCT
images depicting raw X-ray data (left) and rendered surfaces (right). (C) SEM image of the microbial filaments on
which the travertine is precipitated, illustrating that each larger filament observed in the field is composed of small
interwoven microbial filaments and coccoidal cells. (D) SEM image of a microbial filament encrusted by small
aragonite needles and surrounding EPS-rich pore space in which significantly larger aragonite needles have pre-
cipitated (modified from Kandianis et al., 2008). (E) to (G) Transmitted plane-light photomicrographs of a single
travertine-encrusted microbial filament at increasingly higher magnification, reaching 1 pm resolution.
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forming a solid organic matter rich core within
each travertine streamer filament (Fig. 24A
and B). Inverted plane-light microscopy at a
1 pm resolution suggests that there are multiple
previously  undocumented  microcrystalline
morphologies within each streamer deposit
(Fig. 24F and G).

Travertine growth rate

The rate of CaCOj; precipitation (Lasaga, 1998), in
the stages of both nucleation and crystal growth
(Berner, 1980), is a primary factor in evaluating
carbonate crystallization dynamics. Accordingly,
any geological or biological component that sig-
nificantly lowers or raises the energy required for
these closely linked processes to occur will
respectively increase or decrease the overall
precipitation rate. Numerous investigators have
conducted in vitro kinetic experiments, and pro-
posed phenomenological CaCOj; rate laws that
accurately predict these reactions as a function of
measurable physical and chemical environmental
conditions (Morse, 1983; Inskeep & Bloom, 1985;
Burton & Walter, 1987; Zhong & Mucci, 1989;
Ferris et al., 2004). The most universal form of
these equations is: R = kg = kempA(Q—1)"
(Morse, 1983), where R is the precipitation rate,
kemp is the empirical rate constant, A is the
reactive mineral surface area, Q is the bulk
solution CaCO; saturation state [{Ca**} {CO,;*7}
Ksp cacos '] and n is the reaction order with
respect to the saturation state. However, rate laws
alone cannot directly discriminate between the
geological and microbiological mechanisms that
may control CaCOj precipitation.

Therefore, Kandianis et al. (2008) conducted a
controlled field experiment at Spring AT-3 using
an in situ kinetic apparatus (ISKA; Fig 25A to D)
in which aragonite saturation state (Q,), microbial
biomass concentration and microbial viability
were measured quantitatively to determine their
relative influences on the rates of travertine
mineralization in an advection-dominated trans-
port regime. The spring-water Q, value of
3:63 = 0:09 in the MHS apron and channel facies,
which is near that of normal sea water, suggests
that: (i) the natural steady-state aragonite precip-
itation rate is 2-5 times greater than that observed
when microbial biomass on the aragonite mineral
surface is ca 80% depleted by 0-2 um filtration
(Fig. 25E); and (ii) inhibiting microbial viability
with ultraviolet (UV) irradiation has no signifi-
cant effect on the mean precipitation rate.
The indigenous microbial communities were
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exposed to UV light at an intensity of 254 nm at
30 mJ cm™?. For the Aquificales filamentous
microbes being tested (Fouke et al., 2003), this
level of UV radiation destroyed their ability to
reproduce by forming thymine dimmers and
ensuing codon misreading during DNA replica-
tion (Scrima et al., 2008). The microbial cells
remained intact throughout the field experiment
and the UV irradiation exposure did not exten-
sively affect the microbial biomolecules (i.e.
proteins and lipids) and EPS. Therefore, cell
membrane-bound biomolecules and EPS concen-
trations in the microbial mat biomass may explain
the observed 2-5 times increase in CaCOj3 precip-
itation rate with increasing biomass (Kandianis
et al., 2008). This observation is consistent with
observations of increased rates of calcite tufa
precipitation in controlled laboratory experi-
ments (Rogerson et al.,, 2008; Pedley etal.,
2009). Previous studies on metazoan aragonite
biomineralization, primarily in bivalves, have
demonstrated that proteins, polysaccharides and
lipids alter CaCO3 nucleation rates by changing
the activation energy for precipitation (Mann,
2001; Weiner & Dove, 2003). Therefore, by anal-
ogy, this implies that microbial biomolecules and
EPS may have a similar effect on hot-spring
travertine precipitation at MHS. Furthermore,
high-resolution inverted fluorescence microscopy
analyses indicate that each experimental
condition (natural, filtered and UV irradiated)
produced different micro-scale sequences of
aragonite and calcite precipitation. In summary,
this expansion of the concept of a ‘biomarker’ to
include CaCO; precipitation rate, mineralogy,
chemistry, crystalline structure and porosity is
significant, in that this basic suite of parameters is
used universally to describe limestone mineral-
ization and diagenesis.

MICROBIAL METABOLIC INFLUENCE ON
TRAVERTINE FORMATION

The microbial communities inhabiting each of
the MHS travertine facies must control chemical
reactions and synthesize molecules (metabolize)
to grow and replicate in the natural hot-spring
environment (Madigan et al., 2006). Each micro-
bial cell is composed of chemical constituents
extracted directly from the local spring-water
and substrate environments via anabolic
processes. These constituents are broken down
to release energy via catabolic processes needed
for biochemical synthesis (biosynthesis) of new
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Fig. 25. Controlled travertine-microbe—water interaction experiments in the field and in the laboratory. (A) In situ
kinetic apparatus (ISKA) deployed at MHS Spring AT-3 in October 2005 (modified from Kandianis et al., 2008). (B)
Three parallel runways with precipitation slides in the ISKA. (C) In-line 0-22 pm filtration device. (D) In-line UV
radiation device. (E) Mean CaCO; precipitation as a function of experimental duration for the natural control and
filtration treatments (modified from Kandianis et al., 2008). (F) Laboratory photograph of the kinetic apparatus.

cell material and other functions such as trans- controlling travertine precipitation are those that
port and motility (Madigan et al., 2006). The influence the saturation state of spring-water
microbial metabolic activities most relevant to CaCOj; by impacting the following pH sensitive
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CO, dissociation reactions (Stumm & Morgan,
1996):

CO; + H,0 < H,CO;
H,CO3; < HCO; + H*
HCO; < CO; +H*
CO; + Ca™ < CaCO;

The suite of microbial metabolic processes poten-
tially capable of affecting these carbonate reac-
tions include: (i) the consumption or production
of CO, during oxidation-reduction coupled meta-
bolic reactions and photosynthesis (Konhauser,
2007; Ehrlich & Newman, 2009); (ii) the con-
sumption or production of organic and inorganic
acids (Konhauser, 2007; Ehrlich & Newman,
2009); and (iii) the biosynthesis of membrane
bound biomolecules and enzymes on outer cell
walls that affect CaCO; nucleation kinetics
(Kandianis et al., 2008). Futhermore, the pres-
ence and activity of microbes at the time of
ancient travertine deposition can be inferred from
biomarkers incorporated into the CaCOj; crystals
such as microbial biomolecules (i.e. lipids) and
catabolic waste products (i.e. isotopes and re-
duced electron acceptors).

Screening of microbial community
composition and metabolism

Mammoth Hot Springs microbial mat communi-
ties in the vent facies and apron and channel
facies are dominated by chemoautotrophic metab-
olisms, including S oxidation and anoxygenic
photosynthesis (Fouke et al.,, 2003; Martin &
Goldenfeld, 2006a,b). Conversely, microbial
communities in the pond, proximal-slope and
distal-slope facies contain a diverse mixture of
photoautotrophic and heterotrophic metabolic
activities (Fouke et al., 2003; Martin & Golden-
feld, 2006a,b; Martin et al., 2010). A survey is
currently underway of cell densities and the
metabolic genes associated with sulphate reduc-
tion, nitrogen fixation, reverse tricarboxylic acid
cycling, and the Calvin—-Benson—Bassham
pathway. Direct cell counts of filamentous and
auto-fluorescent micro-organisms in the vent
facies and apron and channel facies were low
(€2 x 10° cells ml™"). Conversely, the pond and
proximal-slope facies had high auto-fluorescent
cell counts (<1-8 x 10° cells m1™") as well as high
bacteriochlorophyll a concentrations, both of
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which are consistent with photoautotrophic pri-
mary production. The specific amplicons that
were mapped within each travertine facies
included: (i) dissimilatory sulphite reductase
(dsrA); (ii) nitrogenase reductase (nifH); (iii)
ribulose-1,5-bisphosphate-carboxylase/oxygenase
(RuBisCO) Form IA/IB (¢bbL), Form II (cbbM) and
Form ID (cbbL_ID); and (iv) p-ATP-citrate lyase
(acIB). The presence of dsrA in all five facies
suggests the presence of sulphate-reducing bacte-
ria throughout the drainage system, which is
consistent with metabolic inferences derived
from the 16S RNA clone libraries (i.e. Desulfovib-
rio sp.; Fouke et al., 2003) and previous dsrA
analyses at MHS (Fishbain et al., 2003). Active
phototrophy in the pond facies is indicated by
changes in RuBisCO gene expression over the
diurnal cycle, as well as the presence of three
novel Form II gene sequences. Furthermore,
phylogenetic analyses of cDNA generated from
mRNA transcripts identified three distinct Form
IA/IB gene sequences in the pond and proximal-
slope facies, and in the pond facies. A 20%
decrease in night-time sulphate concentrations in
pond facies spring-water suggests that enhanced
rates of sulphate reduction take place when
oxygenic photosynthesis is reduced (Giovannoni
et al., 1987).

Lipid biomarkers and organic matter §'°C frac-
tionation were analysed to track the dynamics of
carbon cycling within each travertine deposi-
tional facies. Phospholipid fatty acids (PLFA) and
glycolipid fatty acids (GLFA) are partitioned
distinctly between each travertine facies (Zhang
et al.,, 2004) and directly track the microbial
community partitioning indicated from the clone
libraries (Fouke et al., 2003; Martin et al., 2010).
Because lipids can be trapped and preserved
within the modern solid-phase travertine, their
extraction from ancient travertine may permit the
reconstruction of microbial community palaeo-
ecology (Ward et al., 2001). The microbial mat
biomass ¢'°C values decrease from —16-1%, in the
vent facies to —23-59,, in the distal-slope facies,
whereas the isotopic compositions of PLFA and
GLFA have variations similar to those of total
biomass (Zhang et al., 2004). Fatty acid 'C
enrichment in the vent facies relative to the total
biomass implies that these Aquificales-dominated
communities are using the reversed tricarboxylic
acid cycle (rTCA). Conversely, fractionations
between fatty acids and total biomass suggest
that CO, fixation in the pond, proximal-slope and
distal-slope is dominated by the photosynthetic
Calvin cycle (Zhang et al., 2004).
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Sulfurihydrogenibium-dominated
communities in the apron and channel facies

Microbial molecular analyses [16S rRNA gene
sequence clone libraries, terminal-restriction frag-
ment length polymorphism (T-RFLP) fingerprint-
ing] of the filamentous microbial mats in the
apron and channel facies indicate they are dom-
inated by the Aquificales bacterium Sulfurihydro-
genibium (Fouke et al., 2003). This community
structure is substantiated by metagenomic analy-
ses (described below), which suggest that
Sulfurihydrogenibium makes up 90% of the fila-
mentous mats (Inskeep et al., 2010). Sulfurihydro-
genibium accounts for 86% of the 16S rRNA gene
sequences detected in the Fettucine fabric, and
72% in the Cappellini fabric. One unique Sulfuri-
hydrogenibium population (clone F1-C1-2) was
predominant in the Fettucine fabric and nearly
absent from the Cappellini fabric, whereas the
opposite was true for clone C1-A1-B. The 16S
rRNA clone libraries and metagenomic analyses
also provide information on the less-dominant
bacterial members of this community, including
novel lineages of the Clostridiales and Plan-
ctomycetes (Fouke et al., 2003; Inskeep et al,
2010).

Metagenome bioinformatic analysis of these
Sulfurihydrogenibium communities has identi-
fied strategic gene targets with which to link
filamentous microbial metabolism with travertine
precipitation (Inskeep et al., 2010). Results sug-
gest that Sulfurihydrogenibium is a chemolitho-
autotroph that fixes CO, using the reductive rTCA
cycle (ATP citrate lysase aclB gene; Reysenbach
et al., 2009; Inskeep et al., 2010). These meta-
bolisms are substantiated independently by the
lipid composition and **C enrichment detected in
the Sulfurihydrogenibium filamentous mats
(Zhang et al., 2004). The rapid 3 mm day™ " exten-
sion rate of Sulfurihydrogenibium observed in the
apron and channel facies (Fouke et al., 2003)
suggests that the rate of this rTCA metabolism
may be high enough to locally draw down CO,
and enhance the rate of travertine precipitation.
Sulfurihydrogenibium also has the ability to
oxidize reduced forms of S using O, as the
electron acceptor. This suggestion is based on
the presence of a suite of sulphide oxidation (sox)
genes in the genome and a sulphide-quinone
glutathione reductase family of flavoproteins (sqr)
that catalyse the oxidation of sulphide to elemen-
tal sulphur (Nakagawa et al., 2005; Reysenbach
et al., 2009; Inskeep et al., 2010). This observa-
tion is consistent with changes in spring-water

aqueous H,S (high to low) and O, (low to high)
concentrations observed downstream through the
apron and channel facies (Fig. 20).

The biochemical pathway of CO, fixation via
sulphur oxidation (sox system) that is utilized by
Sulfurihydrogenibium is remarkably similar
between hot-spring chemolithoautotrophs and
anoxygenic photolithotrophs (Ghosh & Dam,
2009). Volatiles such as CH,, H,S and H, degas
as the spring water flows through the apron and
channel facies, and CO, and H,S undergo chem-
ical reactions that, in turn, place restrictions on
microbial community activity (Fouke et al.,
2003). The filamentous Sulfurihydrogenibium
are therefore primary producers that catalyse a
variety of energetically favourable redox reactions
that synchronously influence CaCOj; precipita-
tion (Kandianis et al., 2008). Gene coding for the
oxidation of hydrogen and thiosulphate was not
observed in the Sulfurihydrogenibium genome
and metagenome (Reysenbach et al., 2009; Ins-
keep et al., 2010). This observation suggests that
Sulfurihydrogenibium is unable to oxidize hydro-
gen and, therefore, does not support previous
hypotheses that high-temperature MHS microbial
communities are primarily driven by microaero-
phyllic H-based oxidation rather than S oxidation
(Spear et al., 2005). Furthermore, preliminary
application of fluorescence induction and relax-
ation (FIRE) analyses in the apron and channel
facies suggest that the Sulfurihydrogenibium-
dominated microbial community is also capable
of anoxygenic photosynthesis.

The apron and channel facies is a non-equilib-
rium system, in that the spring-water: (i) has
extremely low dissolved oxygen (~pO, <0-2
atm.); (ii) is oversaturated with respect to CO,,
H,, CH, and H,S (ca 75 to 150 pmol); and (iii) is
in significant redox non-equilibrium with varying
amounts of reduced dissolved chemical species
(Fouke et al., 2000; Kandianis et al., 2008). Ener-
getic modelling of other analogous hot-spring
drainage systems in Yellowstone has shown that
downstream changes in chemical composition,
rather than temperature, determine the energy
supply to the microbial communities (Amend &
Shock, 2001; Amend et al., 2004; Meyer-Dombard
et al., 2005; Shock et al., 2010). As a result, there
are a limited number of possible exergonic reac-
tions that will link sulphur cycling driven by
Sulfurihydrogenibium metabolic activity with
carbonate precipitation. These primary reactions
include (Inskeep et al., 2005):

H,S(aq) + 0 -50,(aq) < S° + H,0
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H,S(aq) + 20, (aq) < SOF ™ + 2H*
H,S(aq) + H3As0, < S° + H3As03 + H,0
H,S(aq) + H,AsO, +H' < S° + H3AsO3 + H,0
H,S(aq) + 2Fe®" < S° + 2Fe*" + 2H*

H,S(aq) 4 0-25NO;_ 4 0-5H" < S°
+ 0-25NH 4 + 0-75H,0

HOT SPRING HYDROLOGICAL CYCLES
AND MICROBIAL FEEDBACK

The integrated biotic and abiotic processes that
influence MHS travertine formation operate with-
in repeating systems-level cycles that are con-
trolled by changes in the flux of spring-water
emerging from the vent. Over a period of
12 consecutive years (1997 to 2009), a continuous
long-term suite of field observation, measurement,
photography and sampling has been compiled at
Springs AT-1, AT-2 and AT-3, Narrow Gauge and
Canary Springs (Fig. 5). This observation has
revealed significant diurnal variations in water
chemistry and microbial communities, but almost
no seasonal variability (Fouke et al., 2000; Veysey
et al., 2008). New vents open, vents shift their
position during changes in spring-water outflow
and old vents eventually stop flowing (Fouke
et al., 2000, 2001, 2003). Therefore, the composi-
tion, geometry and three-dimensional patterns of
travertine facies deposition create a sensitive
record of these long-term spring dynamics in both
modern and ancient hot-spring systems. Long-
term observations indicate that all hot springs in
the MHS complex exhibit a remarkably similar
hydrological life history, which includes a cycle
composed of five distinct phases of spring-water
discharge and associated travertine deposition.
In Phase 1, the vent forms and spring-water
slowly erupts from the ground for only a day or
two at relatively low temperature (40°C to 50°C)
and high pH (70 to 7'5). Phase 2 is then initiated
when spring-water reaches a temperature of 73°C,
a pH of 6:0 and a flux discharge rate of as much as
20 to 60 1 s™%, which is the observed range of vent
conditions at MHS (Veysey et al., 2008). The five-
fold sequence of travertine depositional facies
(Fig. 9) is established rapidly over the next few
weeks and then continues to accumulate over the
next several months to years. The vertical and
lateral position of each travertine facies during
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Phase 2 is influenced strongly by variations in the
flux of spring-water emerging from the vent, as
well as the pre-existing slope and topography of
the ground surface on which the spring erupted
(Veysey et al., 2008). In the case of Springs AT-1,
AT-2 and AT-3, the vents emerge within a few
metres of the margin of Angel Terrace and the
resultant Phase 2 drainage pathways generally
reach 30 to 50 m in length. Phase 2 spring-water
drainage patterns at Narrow Gauge are similar in
scale to those at Angel Terrace, but accumulate
within a bowl-shaped topographic low that serves
to truncate the downstream extent of the distal
slope facies. In contrast, Phase 2 at Canary Spring
on Main Terrace is significantly larger in scale,
with drainage pathways and associated travertine
deposits that reach more than 300 m in length
(Fig. 15B).

After anywhere from one to three years, Phase 3
is triggered by a significant increase in the flux of
spring-water emerging from the vent, which can
also be accompanied by a lateral shift in the
position of the vent of as much as 1 m. The higher
flux rate at the vent creates an accelerated primary
flow path that delivers hotter and less chemically
evolved spring-water, and microbial communi-
ties, to further downflow positions within the
drainage system. As a result, the site of precipi-
tation for each travertine depositional facies also
shifts downstream. The most striking example of
this is the rapid (mm day™") lateral migration of
the apron and channel facies. Sustained increase
in outflow flux eventually permits the apron and
channel facies to completely cover or encrust the
pond facies terracette that was immediately
downstream during the previous Phase 2 period
of travertine deposition (Fig. 26A). The filamen-
tous Aquificales-dominated microbial communi-
ties on which the apron and channel facies
travertine precipitate, grow just below the surface
of the flowing spring-water. Therefore, the apron
and channel facies travertine forms a ‘pavement’
that grows out and over the downstream terracette
pond (Figs 12C, 12D and 26A). As the apron and
channel facies travertine reaches the pond lip, it
first forms stalagmite-type deposits (Fig. 26B) that
eventually coalesce and blanket the front buttress
of the terracette (Fig. 26C). The resulting effect on
the hot-spring drainage outflow is to create a
waterfall within the apron and channel facies;
this increases the spring-water §'°C while
decreasing the DIC as a result of enhanced
turbulence-driven CO, degassing (Fig. 18B to D).
If the vent flux then remains high, a thick apron
and channel facies travertine will form over the
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10cm

Fig. 26. Field photographs of the life history of a Mammoth Hot Springs travertine hot spring. (A) Progradation of the
modern apron and channel facies at Spring AT-1 (November 2002) over the pond facies as vent flow increases. (B)
Progradation of the modern apron and channel facies at Spring AT-3 (October 2005) over the lip of the pond facies as
vent flow increases. (C) Progradation of the modern apron and channel facies at Spring AT-1 (November 2002) over
the proximal-slope facies as vent flow increases. (D) Progradation of recent (ca 100 years old) apron and channel
facies over the pond facies at Highland Terrace. (E) Retrogradation and stranding of the modern vent facies and apron
and channel facies at Spring AT-1 (November 2002) as vent flow decreased. (F) Upstream retrogradation of the
modern apron and channel facies at Spring AT-1 (January 2001) as vent flow decreased.

pond lip (Fig. 26C). These lateral and downward cene travertine stratigraphy of MHS and Gardiner
shifts in travertine depositional facies are (Fig. 26D). The amount of vertical travertine
commonly observed in the Holocene and Pleisto- accumulation in these ancient travertine deposits
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is significantly larger than that observed in Holo-
cene travertine deposited atop the MHS complex;
this requires that Phase 3 was sustained for longer
periods of time in the past than in the modern.

Phase 4 begins with a rapid decrease in the flux
of spring-water from the vent, during which time
the entire drainage system instantaneously pro-
gresses into a low flow retrograde mode. Under
these conditions, each temperature and pH
defined section of the primary flow path shortens
significantly and migrates to upstream positions.
As a result, the site of precipitation for each
travertine depositional facies also shifts upstream
and ‘back-steps’ to locations significantly closer
to the vent (Fig. 26E and F). Finally, Phase 5
occurs when all spring-water outflow from the
vent has ceased and the drainage system becomes
dry. At this stage, all of the travertine deposits are
exposed to the atmosphere and subjected to
physical erosion and diagenetic alteration.
A new spring-water system later emerges that
will start the cycle again and rapidly precipitate
travertine, and bury the older deposits.

At least two different microbial CaCO; biomin-
eralization responses appear to be associated with
these Phase 1 to Phase 5 hot-spring hydrological
cycles. Under high-flow conditions, it is advan-
tageous for microbes to increase crystal growth
rates to support filament growth at locations
further downstream (Fig. 26F). The filamentous
mats grow just below the uppermost surface of
the spring-water sheet flow and, thus, instanta-
neously shift the lateral position of travertine
encrustation to track the shift in niche environ-
ment as the flow increases (Fig. 26F). Presumably,
this is the same microbial catalytic effect identi-
fied with the ISKA experimentation (Kandianis
et al., 2008). In contrast, under low-flow condi-
tions, it is advantageous for the micro-organisms
to retard CaCOj crystal growth to prevent becom-
ing stranded downstream in lower-temperature
aqueous environments (Fouke et al., 2003; Vey-
sey et al., 2008). Therefore, CaCO; precipitation
is influenced by the different responses of an
organism to survive environmental change.

HOLOCENE AND PLEISTOCENE
TRAVERTINE

The Mammoth—Gardiner corridor contains a
depositional sequence of ancient Pleistocene
and Holocene hot-spring travertine deposits that
are directly analogous to the active modern
deposits at MHS. As a result, the modern MHS
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travertine facies model can be used as a compar-
ative standard with which to reconstruct and
gauge the spring-water chemistry, hydrodynam-
ics and microbial ecology that was present during
deposition of the ancient travertine (Veysey et al.,
2008). The Mammoth—Gardiner corridor deposits
include: (i) Holocene travertine deposits (£100s to
10 000 YBP) at MHS that were penetrated by the
USGS Y-10 well (Fig. 5A and C), which were
shown to be 73 m thick and range from 0 to
7700 + 440 YBP (White et al., 1975; Sorey, 1991;
Sturchio, 1992); and (ii) Pleistocene travertine
deposits (as old as 31 000 YBP) in Gardiner,
Montana (Fig. 27), which were precipitated dur-
ing small-scale retreats of the Pinedale Glacier
(Sorey, 1991; Sturchio et al., 1994).

Recent travertine deposits (£100s YBP) form a
veneer tens of metres in thickness at various sites
across the top and sides of the MHS complex.
These travertine deposits are exposed in cross-
sectional outcrops along the Upper Terrace
Drive, as well as along the many boardwalks
that transect the centre of the MHS complex
(Fig. 26D). The Y-10 well travertine is interbedded
near the base with siliciclastic sandstones,
whereas the whole section directly overlies
Cretaceous siliciclastic sandstones and mud-
stones (Figs 4 and 5C; White et al., 1975; Chafetz
& Guidry, 2003). A ca 100 m thick sequence of
Pleistocene travertine terraces was deposited
on the mountain slopes immediately south of
Gardiner, Montana (Fig. 27; Fraser et al., 1969;
Sorey, 1991). The complex stratigraphic relation-
ships between glacial diamictites and travertine
(Fig. 28F) have been coupled with uranium-series
age dating of the travertine. Results indicate that
the Gardiner Pleistocene hot springs were active
from as early as 38 700 YBP to as recently as
19 500 YBP, during which the Pinedale Glacier
filled the valley floor (Sturchio et al., 1994).

Highly variable degrees of meteoric diagenesis
have affected the Holocene and Pleistocene trav-
ertine outcrops and core (Guidry & Chafetz,
2003a,b). However, the primary depositional fab-
rics commonly are preserved and consistent with
those observed in the modern MHS hot-spring
travertine facies (Fig. 28). Quarrying in the
Gardiner Pleistocene terraces has also exposed
continuous 5 m thick outcrops that cut parallel to
flow through thick, well-exposed, sequences of
ancient proximal-slope travertine (Fig. 29).
Future studies will be able to utilize these distinct
stratigraphic packages of proximal-slope progra-
dation and aggradation to correlate and recon-
struct ancient depositional, hydrological and
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diagenetic events. Diagenetic alteration of the
ancient travertine crystalline microfabrics and
geochemical compositions is highly variable and
patchy, ranging from the extremes of excellent
preservation to complete diagenetic alteration.
Plane-light and cathodoluminescence-light (CL)
petrography of travertine from Highland Terrace,
the Y-10 core and the Gardiner Quarry have
documented a complex multi-stage paragenetic
sequence of post-depositional (diagenetic) events;
this includes partial to complete replacement of
original non-CL proximal-slope facies travertine
with bright orange CL feather calcite crystals
during meteoric diagenesis (Fig. 30). Travertine
meteoric alteration has also been documented by
the enrichment of Mg, depletion of Sr and Ba
(Sturchio et al., 1994) and co-varying decreases in
6'%0 and 6'°C (Guidry & Chafetz, 2003a,b). Con-
versely, excellent preservation of at least some
original travertine geochemistry is implied by
primary fluid inclusion homogenization temper-
atures of 48°C to 62°C in Holocene pond-facies

Ly, .
S5008m

Fig. 27. The travertine terraces of
Gardiner, Montana. (A) Aerial pho-
tograph with line tracings showing
the location of quarries and roads.
(B) Field photograph from the
northern entrance of Yellowstone
National Park.

travertine from Highland Terrace (Fig. 31). The
modern MHS facies model will be utilized sim-
ilarly in future studies as a base line comparative
standard with which to reconstruct spring-water
environmental conditions from ancient travertine
(Fig. 9).

BROADER SYSTEMS GEOBIOLOGY
IMPACTS OF MAMMOTH HOT SPRINGS
RESEARCH

The research at Mammoth Hot Springs (MHS)
summarized in this review can now be expanded
to inform broader Systems Geobiology investiga-
tions of the interactions between life and Earth
through geological time. The discrepancy in the
interpretation of controlling processes at different
length-scales highlights the challenges implicit to
correlating measurements and interpretations
across a broad ‘Powers of 10’ spectrum (Fig. 8).
This concluding section will address how MHS
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Basalt

s

Fig. 28. Field photographs of modern and ancient travertine facies. (A) Modern microterracettes in the proximal-
slope facies at Spring AT-1 in November 2002. (B) Microterracettes dated at ca 100 years before present (YBP) in the
proximal-slope facies at Highland Terrace at Mammoth. (C) Microterracettes in the proximal-slope facies at the
Gardiner travertine quarry dated at ca 30 000 YBP. (D) Cross-section of streamer fabrics in the apron and channel
facies at Highland Terrace dated at ca 100 YBP. (E) Cross-section of layered travertine shrubs comprising pond facies
at the Gardiner travertine quarry dated at ca 30 000 YBP. (F) Gardiner travertine stratigraphy at Sun Tan Quarry
exhibiting basalt and glacial diamictite dated at ca 30 000 YBP.
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Fig. 29. Field photograph of a wall left after excavation of travertine from the Gardiner White Quarry. The outcrop is

gt

a cross-section parallel to the flow direction within the proximal-slope facies and has been dated at ca 30 000 YBP.
Primary bedding planes within the outcrop are highlighted with black lines, illustrating changes in geomorphology
during simultaneous aggradation and progradation of the Proximal-Slope Facies travertine deposits.

travertine—water—microbe research has begun to
link abiotic and biotic controls across large spatial
hierarchies, and provided results for direct appli-
cation to other important modern and ancient
environments of CaCOj; deposition.

Strategic physical, chemical and biological
characterization

Multi-disciplinary research at MHS has required
that multiple physical, chemical and biological
components be measured. However, initially it
was unknown specifically which of the many
parameters making up these components would
be logistically feasible to measure and scientifi-
cally necessary to determine controls on traver-
tine formation. Thus, a minimal set of parameters
was chosen to simultaneously track abiotic and
biotic processes (Fig. 8). Travertine analyses in-
cluded measurements of geomorphology, crystal
growth (size, shape, porosity and structural orga-
nization at multiple scales), mineralogy, surface
area and elemental and isotopic geochemistry
(Ca, Mg, St, Mn, Fe, SO,, §"°C, §'°0, §**S and

87Sr/%°Sr). Spring-water measurements included
temperature, pH, flow dynamics (primary flow
path, depth, velocity and flux) and elemental and
isotopic geochemistry (DO, DIC, alkalinity, S,
S04, NO,, Ca, Mg, St, Mn, Fe, Si, §'°C, §'%0, 6**S
and ®’Sr/®°Sr). Finally, microbial community
analyses included community structure and
phylogenetic diversity (field and microscope
observations, 16S rRNA gene sequence clone
libraries and T-RFLP), metabolic activity as
inferred from gene composition (16S rRNA,
T-RFLP and metagenomics) and biochemistry
(lipids and their 6"°C signatures). This short list
of travertine—water—microbe parameters can serve
as a reasonable starting point for Systems Geo-
biology characterization of other environments of
limestone deposition.

Linking geological and biological controls
across broad spatial scales

As previously described, modelling suggests that
the formation of macroscopic travertine accumu-
lation patterns may be controlled primarily by
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bl A
Fig. 30. Paired plane-light (left images) and cathodoluminescence (CL)-light (right images) petrography of modern
and ancient travertine at Mammoth Hot Springs and Gardiner. (A) and (B) Modern non-CL proximal-slope facies
travertine from Spring AT-1. (C) and (D) Recent (ca 100 YBP) proximal-slope facies travertine from Highland Terrace
at MHS. Bright orange CL feather calcite crystals are diagenetically replacing non-CL aragonite shrubs. (E) and (F)
Ancient (ca 30 000 YBP) pond facies travertine from Sun Tan Quarry at Gardiner. Non-CL travertine shrubs have
been replaced by mauve CL calcites, and multiple generations of later stage calcite cements that exhibit dark brown to
bright orange concentrically-zoned CL.
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Fig. 31. Fluid inclusions within 100 YBP calcite crystals in the pond facies at Highland Terrace in the MHS com-
plex. (A) Plane-light photomicrograph. (B) Frequency histogram of homogenization temperatures.

abiotic geological phenomena (Veysey & Golden-
feld, 2008). Conversely, field experimentation at
the mesoscopic and microscopic scales suggests
that travertine formation is controlled primarily
by biological phenomena (Kandianis et al., 2008).
Therefore, a significant next step in Systems
Geobiology research at MHS will be to establish
a unifying synthesis of how abiotic and biotic
factors combine to differentially influence traver-
tine formation across the 10'® spatial hierarchy to
create natural travertine deposits.

Three primary and interrelated phenomena in
complex hot-spring environments are acknowl-
edged, which include: (i) mechanisms: the most
fundamental organizations of microscopic pri-
mary entities and activities that will produce
changes and transformations (causal attribution,
Ahn et al., 1995; Stumm & Morgan, 1996); (ii)
processes: an observed series of mesoscale inter-
actions, events and changes that result from
mechanistic interactions; and (iii) patterns: emer-
gent macroscale groupings of organization and
behaviour that are produced consistently and
reproduced by similar natural systems (either
self-organized or externally forced; Paola, 2000).
With this conceptual framework in mind, future
MHS studies will be able to test controls on
travertine precipitation by combining field obser-
vation, field experimentation and laboratory
experimentation with theoretical modelling.

For example, field and laboratory experiments
can now be conducted that directly control
microbial content, flow dynamics and precipita-
tion to produce travertine accumulation patterns
predicted by cell dynamical system (CDS) simu-
lations. To compliment the field in situ kinetic
apparatus (ISKA) for these studies (Kandianis

et al., 2008), a laboratory in vitro kinetic appara-
tus (IVKA) has also been developed (Fig. 25F).
The IVKA can be used to collect coupled traver-
tine—water—microbe samples that document coin-
cident shifts between microbial community
composition, spring-water chemistry and flow,
and travertine crystalline structure, mineralogy
and geomorphology. Iterative comparison and
testing can then be completed between strategic
travertine samples (natural hot spring, ISKA and
IVKA experimental samples) and mathematical
models.

Using this type of linked field and experimental
approach, future studies of the Sulfurihydrogen-
ibium-dominated microbial communities in the
apron and channel facies will be able to simulta-
neously track: (i) highly exergonic reactions
involving the oxidation of reduced S species by
low-levels of dissolved O,(aq), which include
H,S/S°, H,S/SO,* and S°/SO,%; (ii) primitive
chemolithotrophic metabolic oxidation of H,
with S°% and (iii) highly exergonic oxidation of
H,AsO," by low-levels of dissolved O.(aq). The
vertical and horizontal spatial heterogeneity of
these reactions along the primary flow path of the
MHS apron and channel facies (Veysey et al.,
2008) could then be mechanistically modelled
with observed changes in the content of Sulfuri-
hydrogenibium lipids, proteins and extracellular
matrix materials (Zhang et al., 2004). These
co-variations in physical, chemical and biological
parameters can then be numerically modelled to
determine how microbial activity relates to
CaCOj; crystal precipitation dynamics, thus
permitting microbial diversity to be correlated
with dynamic chemical equilibrium and kinetic
models of the spring-water.
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Application to other modern and ancient
sedimentary environments

Several promising research opportunities exist
to apply the understandings of geological and
biological controls on travertine deposition de-
rived from MHS to other important modern and
ancient depositional environments. One example
is to systematically apply the modern MHS
travertine—water—microbe analyses to sequen-
tially older and older fossil travertine deposits
back to 8000 YBP at MHS (Fig. 5B) and back to
33 000 YBP in the Gardiner quarries (Figs 27 to
31). Another important opportunity would be
to apply the experimental and theoretical ap-
proaches developed to study travertine formation
at MHS to the siliceous springs that occur
throughout the rest of Yosemite National Park
(YNP; Fig. 2A). Siliceous hot spring systems such

0-5 m
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as those in the Hayden Valley of YNP exhibit
sinter depositional geomorphologies and facies
successions that are strikingly similar to those at
MHS (Fig. 32). Previous studies on siliceous hot
springs around the world (Campbell et al., 2001;
Lowe et al., 2001; Hinman & Walter, 2002; Guidry
& Chafetz, 2003a,b; Jones & Renaut, 2003a,b;
Vitale et al., 2008) suggest that strong correlations
may exist between distinct types of SiO, mineral
deposits (sinter) and microbial community com-
position. Furthermore, these studies suggest that
sinter growth rates may be fast enough to suc-
cessfully apply the ISKA and IVKA in these
siliceous hot-spring systems.

Another example of the potential application of
results from MHS is to help better understand the
density banding in the aragonitic skeleton of
scleractinian corals. It is currently assumed that
coral skeletal density banding patterns represent

! & Proximal-Slope
SPacies

Distal-Slope
Facies’ 5
3 mw 1

Proximal-Slope
Eacies

Fig. 32. Field photographs of similarities in SiO, sinter deposits (October 2007) in a spring near Monument at the

northern rim of the Yellowstone caldera. Vent spring-water is expelled at a temperature of 100°C and a pH of 3. (A) to
(D) Sinter terracette and microterracette distributions along the spring drainage system that, at a gross field-scale
geomorphology, resemble those of the travertine vent, apron and channel, pond, proximal-slope and distal-slope
facies.
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seasonal changes in sea surface temperature
and, thus, fossil banding is commonly used
for palaeothermometry, palaeoclimatology and
palaeoecology reconstructions (Moses et al,
2006; Lough & Barnes, 1997; Barnes & Lough,
1993; Tambutte et al., 2007; Helman et al., 2008;
Vago, 2008). However, a detailed understanding
of the mechanisms and processes controlling
skeletal aragonite nucleation and crystallization
events, such as the rate of skeletal growth, remain
less certain. Travertine and coral skeleton arago-
nite are obviously deposited under extremely
different environmental and biological condi-
tions, and they exhibit significant structural dif-
ferences at the scale of ca 100 pm and greater.
However, there are many chemical and physical
similarities between travertine and coral skele-
tons at the tens of micron-scale and smaller. This
observation opens up the possibility that the
organic matrix in corals may influence coral
skeletal growth rate in a manner that is directly
analogous to that of microbial biomass catalysis
observed in hot-spring travertine aragonite pre-
cipitation (Kandianis et al., 2008). The crystalli-
zation rate equations formalization from the
results of the ISKA experiment at MHS (Kandi-
anis et al., 2008) will allow this hypothesis to be
tested in future Systems Geobiology studies of
coral skeletal growth.
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