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Abstract

Spring systems are efficient and fast precipitating non-marine carbonate factories,
but they are also prone to (early) diagenesis. Evidence of diagenesis in travertines
remains controversial as the resulting textures have been considered primary in other
deposits and the impact on geochemical/palaco-environmental signals is often poorly
addressed. This study revisits the Y-10 core, taken in 1967 at one of the upper ter-
races of Mammoth Hot Springs in Yellowstone National Park (USA). The travertine
depositional facies in the upper 50 m of the core show a general distal to proximal
facies trend upwards. To unravel the nature, impact and timing of early diagenesis,
fabrics and geochemical signatures are also compared to modern hot spring carbon-
ates. Secondary ion mass spectrometry and detailed microscopy proved powerful in
determining the stable isotope signature of different cement generations, thereby de-
tangling the fluid history. Diagenesis starts during spring activity, but these warm wa-
ters not only precipitate CaCOj at the top, they also seem to have circulated through
the porous spring fabrics below. It resulted in coarsening and homogenization of the
primary textures through neomorphism of aragonite and calcite cementation, often
resulting in new intracrystalline microporosity within the calcite crystals. Subsequent
circulation of meteoric fluids led to dissolution and cementation, particularly near the
top of the core. Careful interpretation of U/Th dates suggests that travertine deposi-
tion started at the beginning of the Holocene/end Pleistocene. Calculated deposi-
tional (precipitation) rates vary between 2 and 20 mm/year, assuming a constant rate
between samples at different depths. Aragonite deposits are completely transformed
to calcite below depths of 5—-10 m, corresponding to a time span of 4,000 years. Core
and petrography observations, together with dating, suggest that travertine strata
below marine sandstones in the lower part of the core may relate to fault displace-

ment after the onset of travertine deposition.
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1 | INTRODUCTION

The Y-10 core, drilled in 1967 by the United States Geological
Survey (USGS), shows a 113 m long record of hot spring car-
bonate deposition covering Mesozoic sediments at Mammoth
Hot Springs (MHS) in the north of Yellowstone National Park
(YNP; Wyoming-Montana, USA). It was drilled with the goal
to obtain information on the history of hot spring activity and
on the subsurface hydrothermal conditions (White et al., 1975).
Today it offers a unique and continuous record of the history of
hot spring carbonate deposition and the impact of early diagen-
esis within a still active terrestrial (hot) spring system.

Spring carbonates precipitate and form centimetre to hun-
dreds of metre-scale deposits in the outflow of terrestrial
springs. These fluids are characterised by a high concentration
of dissolved Ca** and carbonate species (Brasier, 2011; Jones &
Renaut, 2010; Pentecost, 2005). A continuum exists in springs
in terms of water temperature and water chemistry, rock facies,
fabrics and microbial or biological signatures (Arp et al., 2010;
Okumura et al., 2012, 2013; Pentecost, 2005; Shiraishi et al.,
2008). The deposition of (mostly) calcium carbonates results
from the interplay of physicochemical processes (CO, degas-
sing, flow turbulence) and the presence (nucleation templates)
and activity of (sulphate reducing, photosynthetic; micro)biota
(Andrews & Brasier, 2005; Bissett et al., 2008; Pentecost,
2005; Takashima & Kano, 2008). Studying spring carbonate
depositional processes will help us understand the preservation
and/or alteration of these typically laminated, potential palaeo-
environmental and palaeoclimate records (Andrews & Brasier,
2005; Brasier et al., 2010; Kano et al., 2003; Rodriguez-
Berriguete et al., 2018). Furthermore, the high rates of car-
bonate precipitation (0.2—1.0 mg/cm3h at MHS, Fouke, 2011)
makes the study of carbonate depositional processes in these
settings relevant for different engineering and geotechnical
applications (clogging of filters and wells in (geo)thermal in-
stallations, CO, storage; Boch et al., 2017; Zhang et al., 2018).
Finally, non-marine spring carbonates may contain preserved
‘biomarkers’ making them relevant archives to study and recon-
struct potential ancient life assemblages (Brasier et al., 2011,
2015; Peng & Jones, 2013).

Many travertine studies focussed on the sedimentological
architecture and large-scale geometry of continental spring
carbonate bodies, as well as on the classification of common
fabrics/facies, to determine their depositional conditions and
controls and thus infer the evolution of ancient spring systems
(Brogi et al., 2009; Claes et al., 2015, 2017; De Boever et al.,
2017b; Della Porta, 2015; Della Porta et al., 2017; Gandin &
Capezzuoli, 2014; Guo & Riding, 1998, 1999; Lopez et al.,
2017; Sharp et al., 2013; Torok et al., 2016). The rapid lateral
and vertical alternations and changes in facies and fabrics,
at multiple scales, are causes of their heterogeneity and an-
isotropy in petrographic and geophysical properties (Claes
et al., 2017; De Boever et al., 2016; Gagrcia-del-Cura et al.,

2012; Soete et al., 2015). Gradually, interest in the presence
and variety of diagenetic products in calcareous spring de-
posits increased (Arp et al., 2013; Claes et al., 2017; Gandin
& Capezzuoli, 2014; Rodriguez-Berriguete, 2020; Shiraishi
et al., 2020). The processes and their products go beyond
localised precipitation of cements in cavities/fractures, or
dissolution by meteoric waters, resulting in enlarged voids.
Diagenesis in these settings may result in textures and mi-
croscopic fabrics (microfabrics) that are considered primary
in other settings (Frisia et al., 2018), adding to the confu-
sion of how to interpret them and the physicochemical and
depositional context in which these deposits initially formed
(Brasier et al., 2011; De Boever et al., 2017a). A number of
case studies have suggested that diagenesis starts early and
proceeds fast in non-marine carbonates (Chafetz et al., 1994,
Golubié et al., 2008; Janssen et al., 1999; Rainey & Jones,
2007), although the exact rates are hard to define (Andrews &
Brasier, 2005; Arp etal., 2001; Pederson et al., 2020; Shiraishi
et al., 2020). Finally, the impact of early diagenetic processes
on the preservation of elemental and isotopic signals used
in palaco-environmental reconstructions (Andrews, 2006;
Andrews & Brasier, 2005; Brasier et al., 2010; Takashima
& Kano, 2008), and in particular the dating of palacoclimate
records, is an important although still controversial topic in
non-marine carbonate research (Falk et al., 2016; Frisia et al.,
2018; Kele et al., 2003; Pederson et al., 2019; Scholz et al.,
2014; Zhang et al., 2014).

Diagenesis of travertine fabrics in the Y-10 core is mac-
roscopically obvious (Chafetz & Guidry, 2003), but the core
section also offers a unique view into the intermediate steps
of fabric changes at a site of active hot spring activity and on-
going travertine deposition. It further allows the concurrent
impact of these processes on the stable isotopic signature of
the calcium carbonate phases to be assessed. Following an
overview study of the core by Chafetz and Guidry (2003),
this study aims to revisit the evolution of travertine facies in
the Y-10 core and, in particular, to:

e Address processes and drivers of early diagenesis.
e Assess the time frame of travertine deposition and
diagenesis.

The results presented here may prove relevant towards

the palaeoclimate and palaeco-environmental interpretation of
other Quaternary records of non-marine (spring) carbonates.

2 | GEOLOGICAL SETTING
2.1 | Regional geology and stratigraphy

Yellowstone National Park hosts numerous hot springs,
geysers, fumaroles and mud pots that are heated by the
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Yellowstone supervolcano (Rye & Truesdell, 2007). The
MHS Complex is located in the subsiding Norris-Mammoth
Corridor in the northern part of the Park (Figure 1). This cor-
ridor is a north-south alignment of volcanic vents and areas
of hydrothermal activity outside the Yellowstone caldera.
The Yellowstone caldera (50 X 80 km in diameter), which
formed 640,000 years before present (ybp), is floored by an
upper silicic magma chamber that provides both heat and
CO,-rich waters to the hydrothermal system (Lowenstern &
Hurwitz, 2008).

Stratigraphically, the spring deposits overlay a thick se-
quence of Palaeozoic to Mesozoic marine and non-marine
sandstones, conglomerates, shales and limestones (Bargar,
1978). From Cambrian through Triassic times, the area
was relatively stable. Important carbonate deposits are the
Carboniferous marine limestones and dolostones of the
Madison Group (thickness of 396.2 m; Ruppel, 1982). The
Triassic section in the northern part of YNP consists of
a light grey to brown, fine-grained, calcareous sandstone
(Thaynes Formation, 3-4.5 m; Ruppel, 1982). Jurassic
through Cretaceous times are characterised by sedimentation
in the shallow Rocky Mountain depression with depositional
environments ranging from shallow oceans to swamps and
river flood plains (Bargar, 1978; Fraser et al., 1969; Ruppel,
1982). Deposits include the Middle to Upper Jurassic ma-
rine sediments of the Ellis Group (Sawtooth Formation:
32-47 m thick, Rierdon Formation: 12—18 m thick and
Swift Formation: 4.5-18 m thick). They are overlain by non-
marine shale to siltstone beds of the Upper Jurassic Morrison
Formation (around 60 m thick; Ruppel, 1982). Rocks of
Cretaceous ages form a relatively thick sequence of up to
1,219 m. The last evidence of marginal marine layers is found
in localised beds in the Upper Cretaceous Eagle Sandstone
and Everts Formations. The overlying conglomeratic sand-
stones, mud and claystones reflect fluvial deposition (Fraser
et al., 1969). Deposition ended with the Laramide orogeny
(late Cretaceous—early Eocene). The latter resulted in uplift,
deep erosion (Fraser et al., 1969) and a pattern of north-east
and north-west trending, high-angle faults creating a mosaic
of uplifted blocks.

The Tertiary, between 1.2 and 0.16 Ma, is marked by
several periods of volcanic activity with deposition of the
Absaroka Volcanic Supergroup lava in the late Eocene and
several basalt and tuff deposits from the Yellowstone caldera
during the Pleistocene (Fraser et al., 1969). Besides volcanic
activity, three periods of glaciations mark the Pleistocene,
namely: the pre-Bull Lake (300 to 180 ka), the Bull Lake
(170 to 125 ka) and the Pinedale glaciations (47 to 13 ka;
Fraser et al., 1969). Stratigraphic field relationships show
that travertine deposits in the Gardiner area locally overlay
and thus post-date Bull Lake glacial deposits (Fraser et al.,
1969; Sturchio et al., 1994). Uranium-series ages published
by Sturchio et al. (1994) suggest that travertine deposition

partly overlaps with the Pinedale glacial episode and coin-
cides with periods of glacier retreat. The travertine deposits
of MHS are not covered by any glacial deposits and would
thus post-date the last glacial events in the area. An U-Th age
of 28 years was determined for sub-Recent travertine of the
Liberty Cap at MHS and a sample at 2.4 ft (0.73 m) in the
Y-10 core was dated at 37 years (Sturchio, 1990) using U/Th
and **°Ra.

2.2 | Mammoth Hot Springs

The vents at MHS expel Ca-Na-HCO;-SO,-type CO,-
rich waters (Bargar, 1978). Maximum temperature is 73°C
(White et al., 1975) and spring waters emerge with a pH of 6
(Kharaka et al., 2000; Sorey & Colvard, 1997), evolving to
ambient temperatures and a pH of 8 towards the distal por-
tions of the spring system (Fouke, 2011; Fouke et al., 2000;
Veysey et al., 2008). The spring waters are derived from me-
teoric water in the Gallatin Mountain Range that infiltrated
and migrated through the subsurface along faults and frac-
tures allowing mixing with a magmatic-derived water source
(Kharaka et al., 2000; Rye & Truesdell, 2007). The MHS
spring water and travertine 5°*S and ¥’Sr/*°Sr values sug-
gest subsurface water—rock interaction at about 100°C with
the Mississippian-age limestone and evaporite deposits of
the Madison Group (Kharaka et al., 1991; Rye & Truesdell,
2007; Sorey & Colvard, 1997).

In the active MHS system, a sequence of five traver-
tine facies is described along the primary spring outflow
path (Fouke, 2011; Fouke et al., 2000; Veysey et al., 2008;
Figure 2A,B). The facies succession includes the Vent (V),
Apron and Channel (AC), Pond (P), Proximal Slope (PS) and
Distal Slope (DS). It consistently forms downstream as the
spring water rapidly cools, degasses CO, and precipitates
travertine. Specific microbial communities are associated
with each facies (Fouke et al., 2003). Travertine mineralogy
in the Vent and Apron-Channel facies is dominantly ara-
gonite. Downstream, towards the Distal Slope, increasing
amounts of calcite are found.

The macrofabrics and microfabrics in active springs have
been described and illustrated by Fouke (2011) and Fouke
et al. (2000). In Recent deposits, the recurring texture is
an aggregation of fine aragonite needles, 20—100 pm long.
Depending on the depositional facies, they are organised in
different ways leading to different microfabrics, as described
below.

In the streamer deposits of the Apron-Channel Facies
(Fouke, 2011), aragonite needles form splays that radiate
outward around a central, microbial filament. Between the
encrusted filaments, mineralized extracellular polymeric sub-
stances (EPS) are observed (Figure 3A). Aragonite needles,
stacked in loosely packed, shrub textures (Chafetz & Guidry,
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FIGURE 2 Study locations and facies at Mammoth Hot Springs (MHS). (A) Shaded topography map of MHS indicating the sampled springs
and location of the Y-10 core. (B) Sample table and a schematic downstream facies transect according to the five-fold facies scheme of Fouke et al.

(2000). Sample location (loc.): dry = outflow path was dry at the moment of sampling. Active = outflow path with flowing water at the moment

of sampling. V = Vent, AC = Apron and Channel, P = Pond, PS = Proximal Slope and DS = Distal Slope. Images illustrates the different facies

and some of the sample spots at the modern springs. Sample locations (dots) and numbers are coloured according to the facies. (C) Front view of

Narrow Gauge spring. (D) Top view of Narrow Gauge spring. (E). Outflow path of New Grassy spring

2003; Fouke et al., 2000; Pentecost, 1990) and in dumbbell-
shaped aggregates (10-50 pm across), are typical building
components of coated bubbles, peloids, aragonite rafts and
the laminated deposits in the Pond Facies.

In the following, the term shrub or shrub texture is used
to refer to nested splays of (aragonite) needles that radiate
outward and are stacked forming bushes (Jones, 2017), typ-
ical of the MHS deposits (Chafetz & Guidry, 2003; Fouke
et al., 2000; Pentecost, 1990). In other hot spring deposits,
these bush-like textures, called shrubs, may have a micritic

or (clotted) peloidal microfabric (Della Porta, 2015; Gandin
& Capezzuoli, 2014). Dendrites or dendritic textures (Jones,
2017) refer to branching, often complex, crystal aggregates.
They may have a range of crystal and branching morpholo-
gies (Claes et al., 2017; Gandin & Capezzuoli, 2014; Jones,
2017; Jones & Peng, 2012; Jones & Renaut, 2008; Rodriguez-
Berriguete, 2020) that sometimes have been given specific,
morphological names (dendritic fan, band and feathers; Della
Porta, 2015; Gandin & Capezzuoli, 2014; Jones & Renaut,
2008).
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FIGURE 3 Petrography of modern and fossil travertine deposits. (A) Aragonite needles radiating out from a fossilized microbial filament in
the Apron-Channel facies at New Grassy spring. Between the needles, fossilized EPS can be seen that connects the needles and forms a honeycomb
network (SEM-SE). (B) Fine aragonite needles forming spherules in a Distal Slope sample at Narrow Gauge spring (SEM-SE). (C) Transmitted
light image of aragonite shrub textures in a Proximal Slope sample from the Narrow Gauge spring. The dotted line outlines a microterracette

front with some silt-sized grains deposited along it. (D) Transmitted light image of spherules in a Distal Slope facies section of the Y-10 core
(sample 27). (E) Transmitted light image of micritic to peloidal fabric, surrounded by a transparent calcite cement rim that occurs together with

the spherules of image D (Y-10, sample 27). (F) Different dendritic textures co-occurring in a Proximal Slope sample. Poorly branching dendritic
textures on the left (white arrow) give way to more crystal ray fans to the right (yellow arrow; Y-10, sample 37)
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High-angle surfaces on the Proximal Slope are composed
of CaCOs; needles that build short and more elongated shrub
textures (Figure 3C), but may also consist of CaCO; branch-
ing dendritic textures (Della Porta, 2015), resembling feathers
or radiating crystal fans (Della Porta, 2015). The ‘microter-
racettes’ that characterise the face of some of the terraced
slope deposits correspond to variations in the length of the
shrubs (Figure 3C). In places, the wavy appearance of the
microterrace front is accentuated by the presence of silt-sized
grains and micrite (Figure 3C). Radial outgrowing, aragonite
crystal bushes forming spherical masses called ‘spherules’ by
Fouke et al. (2000), typify the Distal Slope facies deposits
(Figure 3B). Feather calcite crystal aggregates are observed
in both facies and often co-occur with diatom frustules and
calcified filaments.

2.3 | The Y-10 core
The Y-10 core (Lat: 44.97-Lon: —110.71; Figure 2A) is
located in the upper terrace, just off the boardwalk (White
etal., 1975). During drilling, CO, was found to be in solution
below a depth of 51.8 m (170 ft). Below 57.9 m (190 ft), drill-
ing problems occurred with loss of material and reduced re-
covery. This was most prominent between depths of 79.8 and
98.1 m (262 and 322 ft) in Mesozoic rocks (Cretaceous or
Jurassic). Work by Sturchio (1990) report clastic interlayers,
glacial till and Mesozoic basement between and below the
travertine rocks. These deposits were interpreted as volcano-
clastic sediments in the study of Chafetz and Guidry (2003).
Previous sedimentological and diagenetic work on the
Y-10 core sediments was published by Chafetz and Guidry
(2003), who presented the first lithological overview and
a detailed description of the micro-travertine and macro-
travertine fabrics. They report two episodes of travertine ac-
cumulation, intercalated with ‘volcanoclastic deposits’; one
accumulation preserved between 67 and 60 m and the main
travertine accumulation from 50 m depth to the top of the
core. In this study, the two episodes are referred to as the
lower and the upper continuous travertine section, respec-
tively. With the presence of scarce ostracod carapaces, among
other criteria, the lower section was interpreted as deposi-
tion within a lacustrine environment, whereas the upper 40 m
of the core points to the development of a terraced mound
system. The authors also recognise the importance of exten-
sive dissolution and the precipitation of secondary cements
(Chafetz & Guidry, 2003). Their large dataset of stable car-
bon and oxygen isotopes shows some positive correlation of
§3C and 5'%0 values, which was interpreted to result from a
change in depositional environment from more distal at the
base to more proximal, closer to the vent, at the top, either by
progradation of the system or a change in the vent position.
However, other effects such as changes in fluid composition

and temperature during deposition are not excluded (Chafetz
& Guidry, 2003).

3 | MATERIAL AND METHODS

3.1 | Field sampling and core logging

Modern travertine samples at MHS were collected at Narrow
Gauge Springs and New Grassy Springs in 2014 (Figure 2C—
E). Freshly precipitated travertine is fragile and unconsoli-
dated. Very small centimetre-sized specimens were obtained
with sterile gloved hands and sterilised spatulas and knives
(Fouke et al., 2000). They were transported in aluminium foil
and boxes.

The Y-10 core was examined in the Core Repository
Centre (CRC) of the USGS in Denver (USA). The original
core has a total length of 113 m and has been cut in two
halves. Only one half of the core sections is stored and ac-
cessible at the CRC (Library number D577; https://my.usgs.
gov/crewce/core/report/11629). The core has a width of 10 cm
at the top, decreasing to 4.5 cm at the base. All studied core
sections were photographed and the lithology was described
with the help of a hand lens. Special attention was paid to
travertine and non-travertine macrofabrics and facies, and
to the type and degree of diagenesis. Sample locations were
selected based on core descriptions and the identification of
different fabrics. Small rock chips (maximum one third of the
core width at the corresponding core depth) were cut from
the core by the CRC Denver staff. The small rock chips were
used for thin section preparation, description of the mineral-
ogy, stable C and O isotope analysis and U/Th dating.

3.2 | Low-resolution to high-
resolution microscopy

Recent travertine samples are often soft and friable. All sam-
ples were therefore double impregnated under low vacuum
(<£0.1 mbar) with a transparent resin (Araldite XW396,
Araldite DY026SP + hardener XW 397) prior to thin sec-
tion preparation. Conventional transmitted light microscopy
of thin sections, using a Leica DM4500 P optical microscope,
allowed the microscopic fabric (microfabrics) and pore space
to be examined and documented in 2D at micron scale. A
Cambridge CLmk3A stage coupled to a Nikon microscope
(Nikon Corporation) was used for cold cathodoluminescence
(CCL) observations (University of Fribourg, Switzerland).
Operating conditions were between 8.5 to 10 kV and 450
to 680 pA, 0.05 Torr vacuum. High-resolution observa-
tions of millimetre-sized pieces of Y-10 core samples and
fresh, but dry, hot spring carbonate samples were performed
with scanning electron microscopy (SEM). Samples were
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fixed on stubs with carbon glue and gold-coated (40 nm)
for observation with the FEI XL30 Sirion FEG instrument
at the Department of Geosciences (University of Fribourg,
Switzerland). Observations were made using the secondary
electron (SE) and backscatter (BSE) detector, and images
were taken using the AztecOne software (3.3 SP1, Oxford
Instruments Nanotechnology Tools Lmt.). Specific working
conditions are reported in figure captions.

In the following, neomorphism, following Folk (1965),
refers to transformations through dissolution—reprecipitation
between one mineral and a polymorph that takes place
in the presence of a fluid (Dickson, 1978; Fliigel, 2004).
Neomorphism has a tight association with the transformation
of aragonite to calcite, a process frequently reported to affect
primary carbonate precipitates in non-marine settings (De
Boever et al., 2017a). Alternatively, the broader term poly-
morphic transformation could be used. In case the transfor-
mation involves only a change in mineral form (shape and
size) without changing the mineral species or composition,
recrystallization is the preferred term (Dickson, 1978; Folk,
1965).

3.3 | X-ray diffractometer

The mineralogy of bulk sample powders was determined
by X-ray diffractometer (XRD) at the Department of
Geosciences (University of Fribourg) using a Rigaku Ultima
IV diffractometer equipped with a D/teX detector (Rigaku
Corporation) and a Cu X-ray tube operated at 40 kV and
40 mA. Acquisition conditions were 1°/min in steps of 0.02°
between 5° and 60°. Mineral identification was performed
with the PDXL.2 software of Rigaku, and Rietveld refinement
was conducted using the Topas software (Bruker AXS, ver-
sion 5). The latter allowed the lattice parameters to be re-
fined, the temperature factor to be taken into consideration
and to account for the preferred orientation of calcite {1 0 4}
and a polynomial background correction.

3.4 | Stable carbon and oxygen isotopes

3.4.1 | Bulk powder analysis

Bulk powders (10 mg) for stable carbon and oxygen isotope
analysis of the macrofabrics in the different facies were ob-
tained using a handheld Dremel Multipro Model 225 drill burr
(0.25 mm diameter) composed of diamond-coated carbide
steel. The same sample chips were used to obtain the XRD
powder samples. The stable isotopic signatures were deter-
mined at the Friedrich-Alexander-Universitit (Erlangen-
Niirnberg, Germany). Carbonate powders are reacted with
100% phosphoric acid at 70°C in a Gasbench II, connected

to a Thermo Finnigan Five Plus mass spectrometer (MS). All
values are reported in per mil (%o), relative to the Vienna
Pee Dee Belemnite (V-PDB) by assigning a 83C value of
+1.95%0 and a 8'%0 value of —2.20%o to the standard NBS-
19. Reproducibility for the '°C and 8'%0 values are a maxi-
mum of 0.06%o and 0.05%o, respectively.

3.4.2 | Secondary ion mass
spectrometry analyses

Micro-SIMS (secondary ion mass spectrometry) spot anal-
yses for 8'3C and 8"0 were conducted at the Centre for
Advanced Surface Analyses (CASA, Lausanne, Switzerland).
Polished thin sections were cut around areas of interest and
pressed into indium, together with an in-house calcite stand-
ard (UNIL_C1, 80 = 18.29%c + 0.07 1SD V-SMOW;
8'3C = 0.64%0 + 0.04 1SD V-PDB). The thin section frag-
ments were photographed using transmitted, incident and
cathodoluminescence light to allow for careful positioning of
the spots to be analysed.

Oxygen and carbon isotopes were measured using a
CAMECA IMS 1280HR SIMS at the SwissSIMS facility
(University of Lausanne, Switzerland). A 10 kV, ca 1.5 nA
high-density primary beam of '**Cs* ions in Gaussian mode
was focussed with ca 15 pm diameter spot size on the sample
surface. An electron gun was used to compensate for charge
building. The secondary ions were collected simultaneously
by two Faraday cup detectors (L'2 and H’2), L’2 was assigned
to a 10e'°Q resistor for 8'%0 measurements, and a 10e''Q
resistor for 8'°C measurements. Mass resolving power (m/
Am) was set to 2,460 for 30 and '°0 (entrance slits were set
at 122 um and multicollection slit 1) and 4,400 for 12C and
Bc (entrance slits at 61 pm and multicollection slit 2). The
field aperture was closed to 4,000 pm and the energy slit was
set to 50 eV. For 8'®0 measurements, a pre-sputtering time
of 30 s was applied, followed by automated secondary beam
centring and 20 cycles of 5 s data acquisition. A slightly dif-
ferent analytical condition was used to measure 8¢ values,
done in separate sessions, with 45 s pre-sputtering time, au-
tomated secondary beam centring and 20 cycles of 8 s data
acquisition.

Typical ca 12-h sessions started with calibration of the
background of the two Faraday cups and a mass calibration.
The magnetic field was stabilised using the nuclear magnetic
resonance probe of the 1280HR. Each session started with
eight analyses of the calcite standard. The standard was also
measured repeatedly (after every 8—12 sample spots), in order
to monitor possible instrumental drift. Standard reproduc-
ibility at the beginning of each 880 session was ca 0.3%o,
similar to the reproducibility of the standards (2SD) over the
entire session. For 8'°C, the standard reproducibility at the
beginning of the session on eight analyses was ca 1%o, and
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over the whole session 2-3%0 (2SD). A linear correction of
the drift was applied for each 8'3C session. Unknown car-
bonate samples were corrected for machine drift and instru-
mental mass fractionation (=true value of the standard-drift
corrected value of the standard).

Samples were occasionally partly lost or broken during
preparation as a result of pressing the samples and standard
within the indium or due to instability and charging during
analysis. As a result, the spots for 8'3C and 8'%0 analyses
were not always located at exactly the same place, but in ad-
jacent crystals with the same petrographic properties.

3.5 | *'Th/U dating

Uranium-series dating was performed at the Institute for
Environmental Physics at Heidelberg University. Small
amounts of bulk powder (54-115 mg) were used for dating
purpose. Six powder samples (YS03, YS04, YS22, YS28,
YS32 and YS36) and two small carbonate pieces (replicates
for travertine samples YS28 and YS36) were processed ac-
cording to preparation and measurement protocols described
in Douville et al. (2010) and Wefing et al. (2017). Thorium
and uranium separation and purification are based on ion
exchange processes using UTEVA resin following sample
dissolution in nitric acid. For the replicate analysis of trav-
ertine samples YS28 and YS36, small carbonate slabs were
processed according to the above-mentioned methods. The
carbonate pieces were leached and separated from particu-
late, detrital material by centrifuging the dissolved sample.
Subsequently, isotope ratios were measured using multi-
collector inductively coupled-plasma mass spectrometry
(MC-ICPMS, Thermo Scientific Neptune Plus) closely fol-
lowing the procedure of Wefing et al. (2017). Isotope ratios
were measured in standard bracketing mode with the Harwell
Uraninite standard (HU-1), which is typically diluted to the
same signal intensities as the sample. The HU-1 standard is
in secular equilibrium and the activity ratios of **urPtu)
and (*°Th/*®U) being 1. Isotope ratios of samples are used
to estimate U-series ages according to the decay equations
(Ludwig & Titterington, 1994) calculating with the half-life
values for 2**U and #°Th published by Cheng et al. (2000).
U-series disequilibrium dating relies on two presump-
tions: (a) a closed system: no gain or loss other than the decay
of the parent nuclide or daughter products since the time of
formation, and (b) intermediate and daughter decay products
are absent at the time of formation, or can be corrected for.
The second assumption, in particular with respect to 20T, is
often not completely fulfilled. All measured samples showed
20TH/232T] activity ratios less than 25 and were all corrected
for detrital Th. For the Th correction, a bulk Earth 221h/238y
weight ratio of 3.8 + 1.9 for detritus is assumed and 4y,
281 and #Th in the detrital phase in secular equilibrium.

Existing data points from previous studies were used to
complement the U/Th dating and, in combination with the
log description, petrography and mineralogy, to address the
history of travertine deposition and roughly estimate the tim-
ing of aragonite to calcite neomorphism. Given the small
sample volumes, only four travertine samples that preserved
their sedimentary macrofabric were selected for U/Th dating.
In addition, two recent samples were analysed to provide a
control on the minimum age.

4 | RESULTS

4.1 |
facies

Core description and spring carbonate

The core can be subdivided into two main parts (Figure 4).
The lower part, from 111.8 to 51.7 m (370.0 to 169°0.9 ft),
consists of carbonate and siliciclastic sediments. The upper
part, above 51.7 m, consists of continuous (spring) carbonate
deposits. Emphasis in this study is on the upper part but the
description of the lower part is included to frame the context
and timing of travertine deposition at MHS.

411 |
169.9 ft)

Core section: 112.8 to 51.7 m (370 to

The bottom 1.2 m are composed of dark to pale grey, finely
laminated silty sandstone to mudstone (112.8 to 111.6 m,
Figure 4), characterised by poor recovery. Clayey layers and
oxidation patches are seen between 112 and 111.5 m depth.
From 111.6 m upwards, grey, poor to wavy laminated sand-
stone appears. Its colour becomes increasingly dark from
104.5 m upwards and the grain size decreases. Following
a matrix-supported to clast-supported, carbonate-cemented
breccia layer at 101.8 m depth and a recovery gap, the sedi-
ments consist of dark, grey-brown, finely laminated to well-
bedded siltstones to sandstones. Dark grey, floating clasts at
96 and 93 m depth evolve again into poorly to well-bedded
light grey sandstone. At 90.5 m, it changes abruptly into a
thin layer of floating clasts of finely laminated sediments,
followed by dark grey, coarse sandstone with oxidation
patches, alternating with conglomerates with subrounded to
subangular fragments (1-10 cm diameter). When compared
to the descriptions of geological units in the region by Bargar
(1978), the deposits from 112.8 to 89.3 m potentially could
be linked to deposits of Permian age.

Between 89.3 and 77.1 m, recovery is poor with frag-
ments of red-green clays, grey sediments and a piece of
travertine clast (at 86.2 m). It is unclear whether these
strata are in situ or not. At 79.1 m depth, a 0.6 m interval of
white, compact carbonate is present. It is covered by a fine
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FIGURE 4 Core log of the entire Y-10
core. Photograph insets show core surfaces
of different lithologies in the lower part

of the core (below 51.7 m/169.9 ft depth).
All scale bars are 1 cm. (A) Conglomerate
layer overlain by travertine breccia with
blackish sediment infill; (B) Carbonate-
cemented, grey, coarse sandstone deposits;
(C) First occurrence of layered carbonate;
(D) Light grey breccia (angular clay clasts
in a carbonate matrix), grading into green
clay; deposits with (recrystallized) spring
fabrics; (E) Dark grey carbonate with high-
angle fractures lined by pyrite; (F) Pale grey
laminated sandstone with cross lamination
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FIGURE 5 Photomicrographs of limestone (A, B) and sandstone (C-F) intervals in lower core section. (A) Micritic limestone with silt-
sized quartz and feldspar grains. Fractures are filled with coarser calcite cements and pyrite (py). (B) Cold cathodoluminescence image of (A)
showing orange bright to dull luminescent calcite. Fsp = feldspar (blue luminescent), qz = quartz (non-luminescent, black grains). (C) Marine
carbonate-cemented (Cc) sandstone with quartz (qz), feldspar (fsp) and glauconite (gl) grains, ostracods (ost) and bivalves (biv). (D) Micrite and
sediment filled boring in bivalve fragment (red arrows). Quartz grain is pushed in the shell due to compaction (blue arrow). (E) Micritization

of shell fragments and dogtooth calcite cement (Cc) around a bivalve fragment (biv). Grains consist of quartz (qz) and feldspar (fsp). (F) Cold
cathodoluminescence image of (E)
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black sediment layer that smells of H,S. Following again a
gap, dark greyish to pale micritic carbonate sediments ap-
pear at 74.7 m (Figure 4). They show faint sub-horizontal
layering and high-angle fractures and vugs that are lined
with pyrite. In thin section, dispersed fine siliciclastic
quartz and feldspar grains are observed (Figure 5A,B).
They have formerly been interpreted as travertine depos-
its (Chafetz & Guidry, 2003; Sturchio, 1990), but do not
resemble spring deposits in thin section. At the top, the
micritic carbonates show a breccia of angular clay clasts in
a carbonate matrix that grade into red to green clays with
poor recovery at 71 m depth (Figure 4). Between 68.9 and
67.3 m, a pale, white to grey breccia is again present with
fine-grained clasts floating in a white, carbonate-cemented
matrix (Figure 4).

At 67.3 m depth, the first occurrence of carbonate de-
posits with typical spring fabrics is documented (Figure 4).
The interval consists of white, well-layered deposits. Until
63.7 m depth, layering is sub-horizontal, showing vuggy
and fenestral porosity. Dendrite features are recognised. At
63.4 m, a fabric resembling coated bubble boundstone (Della
Porta et al., 2017) or ‘foam rock’ (Falk et al., 2016; Gandin &
Capezzuoli, 2014; Guo & Riding, 1998) occurs, followed by
steeply dipping crystal fan dendrites at 63.1 m depth. These
dendrites are covered by brecciated travertine and the section
ends with horizontal, well-laminated deposits with branching
dendritic textures.

The spring carbonates are covered with dark grey, clayey
sediments, interrupted by a thin carbonate bed and then
covered by carbonate-cemented, grey, fine to coarse sand-
stones and conglomerates (Figure 4). The siliciclastic frac-
tion consists of monocrystalline and polycrystalline quartz,
feldspars and lithic fragments (Figure 5C,D). Rounded green
to brownish glauconite is common (Figure 5C). Marine bio-
clasts consist of bio-eroded bivalve shells and echinoderm
debris (Figure SC-E). Some shells are strongly micritized
(Figure 5E) and circumgranular fibrous to columnar ce-
ments can be recognised (Figure 5E.F). Larger, pore filling,
anhedral equant calcite cements show cleavage twinning
(Figure 5C,E). Macroscopic and microscopic observations
indicate that these are shallow marine deposits and they are
interpreted as deposits of the Jurassic Ellis Group (Swift
Formation; Bargar, 1978; Ruppel, 1982).

Following a recovery gap until 53.9 m, a thin layer of
compact, white limestone occurs with greyish streaks, fol-
lowed by a thin conglomerate layer and a thicker travertine
breccia package with black sediment infill and carbonate-
cemented vuggy pores (Figure 4). The conglomerate deposits
with clayey infill recall diamictite-type deposits observed in
the broader Yellowstone and Gardiner area. Around 51.7 m
depth, well-bedded to poorly bedded carbonate deposits
are present and mark the onset of the continuous carbonate
spring succession in the core.

4.12 | Core section: 51.7 m (169.9 ft) to
surface: Travertine facies and fabrics

Figure 6 shows a more detailed log of the upper travertine sec-
tion. The interpretation of travertine facies is indicated along
the vertical log axis, based on Fouke et al. (2000) and De
Boever et al. (2017b) including a distinction between Pond
(slope) Facies and Extended Pond Facies in fossil deposits.

The lower 7.3 m consist (51.7-44.5 m) of sub-horizontal,
well-laminated deposits with granular and crust fabrics
(Extended Pond Facies; De Boever et al., 2017b). Porosity
consists of bedding-parallel fenestral and partly cemented
vuggy porosity. At 46.3 and 43.9 m, intraclasts occur. At
42 m depth, spherules (Fouke, 2011), suggesting a Distal
Slope Facies deposits, appear for the first time. They are
subrounded and can reach 4 mm in diameter. They occur in
beds between the sub-horizontal, well-laminated deposits.
Spherules (Della Porta, 2015; Fouke, 2011) may possess
a core consisting of a micritic clast, but often a clear core
structure is missing (Figure 3D). The core is surrounded by
radial oriented, compact, branching dendrites. Occasionally,
dendrites grow longer along one side of the spherules, in a
direction perpendicular to the bedding. Other microfabrics
consist of poorly to strongly branching dendrites and a mi-
critic to peloidal texture (Figure 3E).

At 40.2 m depth, fabrics that resemble ‘calcite rafts’
(Gandin & Capezzuoli, 2014; Pentecost, 2005) are present.
They consist of flat lying, elongated CaCO; chips, encrusted
by a fine, whitish cement at the top and bottom. They might
belong to the cored top of Distal Slope sediments, or rather
reflect a Pond Slope Facies. They are overlain by dipping
laminae of dendritic crusts (Proximal Slope Facies), fol-
lowed by well-laminated, but vuggy, sub-horizontal layers.
Streamer fabrics (Apron-Channel Facies) appear for the first
time at 36.3 m depth. They are characterised by faint lami-
nae and millimetre-wide to centimetre-wide, elongated pores
that drape underlying deposits (Figure 6). Core recovery in
the Apron-Channel Facies is poor and large, partly cemented
vugs are common.

Above 32.0 m depth, a sub-horizontal, laminated alterna-
tion of fine, granular and crust fabrics dominate (Figure 6).
Laminae are crinkly or undulating. They may bifurcate and
merge again. Millimetre-sized, layer parallel pores enhance
the laminated appearance (Pond Slope Facies). At 28.0 m,
the slope of the travertine beds increases. These Proximal
Slope Facies deposits are dominated by elongated dendritic
or more shrub-like crusts. Microscopically, they show diverse
textures (Figure 3F). In terms of morphology (Della Porta,
2015), they could be described as: (a) dark-light laminated,
or brown-greyish crystals or crystalline fans, (b) poorly
branching dendrites and (c) millimetres to centimetres long,
branching dendrites. Crystal fans are composed of subpar-
allel to fanning-out columnar crystals with wavy extinction.
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FIGURE 6 Detailed log of the

Y-10 core section above 245 ft (74.5 m).
Interpretation of travertine facies following
Fouke et al., (2000) and De Boever et al.,
(2017b) is given together with sample
locations. Photograph insets show details
of different travertine facies and fabrics.
All scale bars are 1 cm. (A) Strongly
indurated fabric with secondary porosity

at the top of the core. Lamination can only
be discerned in places. Arrow points to the
top; (B) Streamer deposits that resulted from
carbonate encrusting microbial filaments;
(C) Nearly vertical laminae of dendritic
crusts; (D) Fine laminae of granular

and crust fabrics; (E) Streamer fabric
characterised by millimetre to centimetre-
wide, elongated pores that drape underlying
deposits; (F) Spherulite and a laminae with
fine, granular and crust fabrics
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FIGURE 7 Photomicrographs of travertine deposits. (A) Transmitted light image of calcite Cc-1 cementing and overgrowing aragonite

(Ar) in a Proximal Slope sample at Narrow Gauge spring. (B) Cold cathodoluminescence image of (A) showing that only the calcite shows up

as dull orange luminescent. (C) Detail of aragonite needles in Pond Slope deposits that are overgrown by a calcite crystal (Ca), which is, in turn,
the seeding point for a bush of outwardly radiating aragonite needles (Ar). (D) Aragonite needle ghosts radiate outwards, similar to their modern
counterparts in the Apron-Channel facies. They are here engulfed and enclosed within calcite cement. In some places, only a brownish, cloudy core
can be seen within the calcite crystals and no needle pseudomorphs remain (red arrow; Y-10, sample 21). (E) Zoom out: Alignment of outwardly
radiating aragonite needle ghosts (white arrow), similar to modern streamer deposits. Another part of the image (red arrow) shows aligned,
brownish, cloudy crystals that are surrounded by transparent calcite cement. No needle pseudomorphs can be seen (Y-10, sample 21). (F) Dendritic
textures with greyish cloudy crystal core and transparent calcite crystal rim (Y-10, sample 27)
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Internally, crystals display alternating very dark to lighter
brownish laminae. Within such dendritic texture, laminae can
be followed over different crystals.

At 26.8 m depth, fabrics that vaguely resemble streamer
deposits are observed and interpreted as a potential short
shift to Apron-Channel Facies. The slope direction then
changes and the beds flatten out, marking a transition to
sub-horizontal, laminated deposits. From 21.9 to 16.1 m
depth, the carbonate spring macrofabrics become more
uniform, resulting in a white, porous limestone with
millimetre-sized round to elongated, aligned pores which
become partly cemented upwards. Around 15.8 m, white,
sub-horizontal crust layers appear again. They are over-
lain by gentle to steeply sloping Proximal Slope Facies
crusts with microterracette morphologies (9.7 m) that al-
ternate with streamer fabrics of the Apron-Channel Facies
(Figure 6).

Towards the top of the core, it becomes difficult to recog-
nise distinct depositional facies. Above 8.5 m, sub-horizontal
laminae with shrubs suggest a Pond Slope Facies. Overlying,
sloping crusts indicate a Proximal Slope Facies. From 4.5 m
up, small-scale chaotic layers with slopes in different direc-
tions, well-cemented secondary cavities and recrystallized
streamer deposits (Apron-Channel Facies) are covered by
nearly vertical crusts. The top 2.1 m of the core is dominated
by dissolution cavities (Figure 6), orange-brown colouration
and uniform, white calcium carbonate.

4.2 | Microscopy of diagenetic phases
Whereas the travertine macrofabrics are identifiable within
the core and can mostly be linked to modern depositional fa-
cies at MHS, their microscopic textures are often modified.
In the following, the observed diagenetic phases and events
are described and illustrated.

42.1 | Aragonite neomorphism, calcite
overgrowth and cementation (Cc-1)

In modern samples, stacked aragonitic shrubs are interlaid
by a 100-200 pm thick lamina of clear calcite crystals. In
a Proximal Slope sample, calcite crystals (henceforth called
Cc-1), which partly replace aragonitic shrub crystal aggre-
gates, stand out in CCL because of their dull orange colour
that contrasts with the non-luminescent aragonitic shrubs
(Figure 7A,B). In a sample from a modern Pond that was
dry at the moment of sampling (Figure 2D), calcite rhombs
overgrow the aragonite needles both in the core of indi-
vidual granular fabrics as well as along the rim. In places,
radial growing aragonite needle bushes nucleate again on
top of these calcite rhombs (Figure 7C), suggesting that

precipitation and equilibrium conditions for the CaCOj; poly-
morphs changed regularly over time.

Within the Y-10 core, fine, tens of microns long, needle-
like ghosts can still be observed in the core of granular to
equant and elongated calcite crystals (Cc-1, Figure 7D), re-
calling the shape of shrubs, spherules or fans. They recall the
aragonite needle crystal textures typical of the modern depos-
its. Several of the needle pseudomorphs are engulfed or over-
grown by a single calcite crystal. In a further stage, when the
needle morphology becomes faded, as is the case for most of
the fabrics in the Y-10 core, only dark, brown-greyish calcite
crystals remain. Depending on the primary fabric, they are or-
ganised in fan or branching dendritic textures (Figure 7E,F).
The SEM shows that these crystals inherit their cloudiness
from a high density of micron-sized pores, ranging in size
from 1 to 10 pm (Figure 8A). The surrounding clear crystal
rim often grows in optical continuity with the cloudy crys-
tal core. The Cc-1 calcite crystals typically have a mottled
dull to bright orange luminescence in their porosity-rich core,
overgrown by brownish-orange dull luminescent zones in the
rim (Figure 8B,C). When Cc-1 crystals are elongated, alter-
nations of more porous, denser zones become apparent.

422 | Dissolution and micrite cement (Mc-1)
The outline of textures, such as dendrites, spherules and Cc-1
cements, is, in places, irregular or ‘smoothed’. It points to a
local dissolution phase. The primary interparticle and frame-
work porosity and the secondary vuggy porosity may also be
lined by a single, thin or composite, 100 pm thick, micritic
band (Mc-1; Figure 8D,E). Although rarely observed, the
micritic band(s) cover different, sometimes opposite (lower
and upper) sides of vugs and bridge pore spaces between dif-
ferent spherules. An origin related merely to the infiltration
of fine CaCOj; sediment can, in this case, be excluded. The
Mc-1 phase is crinkled and discontinuous and displays a dull
orange luminescence.

423 | Equant to elongated calcite cement (Cc-2)
Subhedral, equant calcite crystals or a rim of elongated to
columnar calcite crystals (henceforth called Cc-2) partly
fill framework or vuggy porosity, throughout the core
(Figure 8D,E). Towards the centre of millimetre-sized
pores, Cc-2 crystals become equant and may give rise to
a tight mosaic. When Mc-1 is absent, they seed directly
on Cc-1 crystals. In the latter case, both phases are dif-
ficult to distinguish given their similar luminescence char-
acteristics. Cc-2 crystals growing on Mc-1 may be darker
and cloudy with inclusions that display a bright orange
luminescence yielding an overall blotchy luminescence.
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FIGURE 8 Photomicrographs of travertine deposits (TL = Transmitted light; CCL = Cold cathodoluminescence). (A) SEM-SE image of
cloudy calcite crystal core that is microporous and a rim of dense calcite crystals, lacking microporosity (Y-10, sample 27). (B) Zoom of rim of
spherule consisting of cloudy, grey-brownish crystals and a rim of Cc-1 cement that gradually becomes more transparent towards the pore centre
(Y-10, sample 27). (C) CCL of B showing the bright yellow-orange spherule and dull orange Cc-1 cement rim which has a blotchy appearance
where the crystal is cloudy in transmitted light and finely zoned when it is transparent. (D) TL image of irregular spherules, surrounded by a
micritic rim that connects and bridges between them, followed by a Cc-2 cement phase (Y-10, sample 38). (E) CCL image of (D) showing the
irregular outline of the spherule and heterogeneous texture within, possibly related to neomorphism and Cc-1 overgrowth, cementation. (F) Needle
textures in large Cc-3 mosaics becoming particularly clear under polarized light (red arrows). Different groups of needles are enclosed in one
calcite crystal. The Cc-3 crystals further show dissolution vugs (diss.; Y-10, sample 15). (G, H) TL and CCL image, respectively, of coarsely
laminated travertine that is heavily recrystallized and cemented: Cc3-cements with needle pseudomorphs (red arrows). Cathodoluminescence
reveals numerous dissolution surfaces in the Cc-3 crystals pointing to alternating cementation and dissolution during formation (Y-10, sample 15)
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TABLE 1 Quantitative results of Rietveld analysis of XRD data for recent samples from Narrow Gauge spring and the Y-10 core
Sample Depth (m)  Facies Calcite % Mg% Aragonite % Gypsum % GOF
Narrow Gauge
YSO01 Surface Proximal Slope 54 4.1 93.0 1.6 2.2
YS02 Surface Proximal Slope 7.8 3.9 89.1 3.0 1.9
YS04 Surface Apron-Channel 1.3 1.3 98.7 2.5
YS06 Surface Proximal Slope—Pond Slope 5.7 4.0 94.3 2.0
YS14 Surface Proximal Slope 3.6 1.3 96.4 2.3
YS39 Surface Pond Slope 5.2 3.0 94.8 2.0
YS45 Surface Proximal to Distal Slope 419 2.7 58.1 2.9
YS50 Surface Distal Slope 7.8 1.5 92.2 2.7
Y-10 core
YS15 5.1 Pond Slope? 95.5 0 45 7.4
YS20 9.7 Proximal Slope 99.5 0 0.5 6.6
YS21 10.8 Apron-Channel 99.6 0 0.4 3.0
YS35 124 Proximal Slope 100.0 0.9 3.5
YS22 12.7 Proximal Slope 100.0 0 2.9
YS36 26.5 Proximal Slope 100.0 0.7 2.5
YS26 40.2 Distal Slope 100.0 0.8 3.6
YS28 44.4 Extended Pond/Distal Slope 100.0 0 2.4
YS31 63.2 Proximal Slope 100.0 0.2 4.0
YS32 65.4 Pond Slope? 100.0 0.6 2.6
YS33 66.6 Pond Slope? 100.0 0.2 4.3
Mg% represents the estimated Mg content within the calcite phase.
Abbreviation: GOF, goodness of fit.
Subsequently, more transparent zones show a fine, dull to ~ 4.2.5 | Late dissolution

orange-zoned luminescence and occasionally a first non-
luminescent zone (Figure 8E).

424 | Dissolution and columnar to
elongated and poikilotopic calcite (Cc-3)

Near the top of the core, equant to columnar and poikilotopic
calcite crystals (up to 1 mm across), henceforth called Cc-
3, occur (Figure 8F). They were not observed further down
the core. Their luminescence shows a complex sequence of
dark dull and non-luminescent zones, which are, in places,
orange speckled. These zones are often discontinuous, show-
ing numerous pits and clear phases of dissolution in between
(Figure 8G,H). In the porous sequences at the very top of
the core, Cc-3 forms transparent calcite cement rims around
aragonite needle relics or ghosts (Figure 8F). In some cases,
ghost and relic textures can be traced continuously over dif-
ferent calcite crystals. Elsewhere, the needles form laminae
within one single poikilotopic calcite crystal. The aragonite
ghosts and relics enclosed in Cc-3 crystals yield a blotchy
bright orange luminescence.

A last dissolution phase results in smoothed crystal outer sur-
faces, dissolution pits and secondary intracrystalline porosity
(Figure 8F). The cloudy zones in the core of Cc-1 crystals,
where aragonite relics might have been present, are primar-
ily attacked by this dissolution phase leaving the transparent
crystal rims more intact. Dissolution vugs and crystal rims
affected by dissolution are most commonly observed in the
top 6 m of the core, but also at greater depths, around 24 m
and 33.5-36.6 m.

43 | Mineralogy

The mineralogy of travertine samples is given in Table 1.
In Recent samples from the surface of Narrow Gauge and
New Grassy Springs, aragonite shows concentrations above
90% except for one sample at the Proximal to Distal Slope
with 58% aragonite. In contrast to the surface samples, in the
core samples, calcite is the dominant phase between depths
of 5-40 m. Aragonite has only been encountered in the first
10 m of core and its concentration drops rapidly to <1%
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below 5 m (Figure 9). Based on lattice parameters of calcite
(a lattice parameter; Titschack et al., 2011), the Mg content
of the calcite mineral can be estimated. All samples have
concentrations below 5%. The modern samples have slightly
higher concentrations (1.3%—4.1%) compared to those of the
Y-10 core (1% Mg).

4.4 | Stable carbon and oxygen isotopes

4.4.1 | Bulk samples
Travertine deposits, other limestone units and carbonate-
cemented horizons from the core were examined for their
bulk stable isotopic signature (Figure 10A). The data are
compared with results of solid, modern travertine precipitates
published by Fouke et al. (2000) for springs at Angel Terrace
and other modern deposits at Narrow Gauge and New Grassy
Spring (Table S1). The isotopes of the continuous travertine
sequence (above 51.8 m) show a positive trend of sC 2.6—
4.8%0 V-PDB) and 8"*0yppp (—27.3 to —21.2%0 V-PDB).
The positive 613C—618OVPDB trend for the Y-10 core traver-
tine is shifted by around 2%o to slightly heavier carbon iso-
tope values than for sub-Recent travertine from two active
springs (Narrow Gauge and Angel Terrace; Fouke et al.,
2000), but the cloud of sample values does overlap.
However, a very clear, upstream to downstream trend with
facies, as observed in Recent travertine deposits, is lacking
for the core (Figure 10A). The vertical trend along the core
length shows that between the bottom of the continuous trav-
ertine section, at 51.8, and 8.8 m depth, §3C values vary
from 4.5 to 2.6%o (Figure 10B). The SISOVPDB values vary

between —23.0 and —26.0%o0. Values at the very top of the
core show 6180VPDB values down to —27.1%o and lower 8'°C
values (down to 1.6%o).

In the lower core section, travertine deposits underly-
ing marine sandstones plot within the same 613C—6]8OVPDB
travertine trend towards the most positive end. Two samples
from carbonaceous sandstones that occur between the traver-
tine of the upper core section and those in the lower section
(Figure 4) have similar isotopic signatures with a 5'3C value
around 1.5%o and 8'*Oyppy around —13.5%0 (Figure 10A). A
single measurement for the micritic-silty limestone at 72.8 m
depth plots also within the cluster of travertine samples.

442 | Spotanalyses
The bulk analyses are complemented with spot analyses using
micro-SIMS to investigate if the diagenetic and fluid history
could be further detangled (Table S2). Cc-1 calcite over-
growing aragonitic shrubs and forming a continuous lamina
in a Recent sample of Narrow Gauge Spring show large vari-
ation in 8'°C values (mostly between —2.2 and 3.3%0) and
less variation in 618OVPDB (—30.0 to —29.7%o). Values are
0.8-6%0 and 4.5-5.2%o0 lower for carbon and oxygen, respec-
tively, compared to the bulk value (Figure 11A-C).
Similarly, in the Y-10 core, some zones of transformed,
dendrite or spherule textures, that are now microsparitic, have
a range of e signatures lower than the 8'°C bulk value
(Figure 11D-F). The 8'*Oyppy values are similar to or lower
than the bulk signature. Blotchy dull luminescent to transpar-
ent and zoned dull luminescent Cc-1 calcite possesses 8C
values within the range of or slightly below the bulk values,
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FIGURE 9 Comparison of XRD spectra between 22.5 and 40° 20 of Y-10 core samples 15 (5.1 m) and 21 (10.8 m). Aragonite peaks can be
seen and quantified in sample 15, but are poorly defined in sample 21 making quantification difficult (<1%). cps, counts per seconds; deg, degrees
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FIGURE 10 Bulk stable carbon and oxygen isotope results. (A) 613C‘6180VPDB cross-plot of data from the Narrow Gauge springs and the Y-
10 core together with data of the MHS system as reported by Fouke et al. (2000). AT, Angel Terrace. (B) 8'*C and 618OVPDB data of all travertine

samples with depth in the top 42.6 m (140 ft) of the core

and 8'®0yppp values are dominantly lower than the results
obtained from bulk samples (Figure 11D-I). While 81C
tends to be higher than values measured in the cloudy crys-
tals building composite textures, the 618OVPDB values possess
lower values.

The Mc-1 phase has a variable 8'°C and SIBOVPDB signa-
ture (Figure 11G-I). Both carbon and oxygen isotopes show
values below the bulk sample value. 613C, in particular,
shows a negative shift to values as low as —1.74%o, lower
than any of the primary structures. Cc-2 crystals possess
8'°C and SISOVPDB values slightly lower, around 2—1.6%o,
respectively, than the bulk value (Figure 11G-I). A co-
lumnar to poikilotopic calcite Cc-3 cement with dull non-
luminescent zones shows 6180PDB values around and mostly
above the bulk value with a shift of 1.5%¢ (Figure 11J-L).
The 6"3C values show an even larger variation of up to 8.2%o
(Figure 11J-L). Although the number of analysed spots of
Cc-3 is limited, the crystals seem to possess a broader range
in 8"°C isotopic signature and slightly higher SISOVPDB val-
ues. This could be in agreement with an inverted J-trend
for this cement generation. Such a trend is often found in
meteoric (altered) carbonates and characterised by invariant
oxygen isotope values coupled with variable carbon isotopic
values (Lohmann, 1988; Moore & Wade, 2013). This is in

accordance with the faint trend of bulk values towards the
top of the core (Figure 10B).

In two samples, an attempt was made to compare the sig-
nature of aragonite needle pseudomorphs and the surrounding
calcite cement rim (Table 2). Analyses were rarely successful
due to spot size and micron-scale topography resulting in er-
roneous measurements.

4.5 | Dating

Sturchio (1990) and Sturchio et al. (1994) used Th/U dating
and radiogenic 22°Ra isotopes as part of a broader study in the
Yellowstone-Gardiner region (Table 3). Their samples con-
sist of travertine from the very porous top of the core (at 0.7 m
depth) and one core sample below the base of the continu-
ous travertine section (at 72.9 m depth). The latter does not
show macroscopic or microscopic features typical of spring
deposits (Figure 6). To shed further light on the history of
spring carbonate deposition and diagenesis, it was therefore
decided to revisit the dating of spring carbonates in the Y-10
(n = 4) with reference to surface samples of Recent travertine
at Narrow Gauge Spring (n = 2). The results are summarised
in Table 3. The uranium concentrations are low and range
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FIGURE 11 Location and results of isotope spot analysis using SIMS. For each sample is given: one transmitted light image and one cold
cathodoluminescence light image of the transect analysed (dashed lines) and results of individual spots versus the bulk isotope values of the sample.
Error bars indicate one standard deviation. For cement abbreviations: see text. Diss. = dissolution. (A—C) Narrow Gauge spring sample (01).
Calcite crystals above and below the Cc-1 lamina replace aragonite. Image in A reflects the total chip used for micro-SIMS and all crystals analysed
are encircled in red. The image in B is a zoom of A with individual spots marked. Each horizontal line in the isotope plot (C) reflects analyses from
a different crystal. (D-F) Y-10, sample 24. (G-I) Y-10, sample 38. (J-L) Y-10, sample 15

between 7.338 + 0.010 and 820.823 + 0.044 ng/g. The 22T corrected ages (Table 3) are younger than the uncorrected
concentrations are elevated, related to detrital input, which ages by 3%—17%. The surface samples have corrected U/Th
is usual for travertine deposits, but renders the application ages of 0 and 0.4 + 0.17 ka. Those samples have corrected
of U/Th dating difficult. The thorium concentrations and ages which are younger by 44% and 100%, respectively.

20Th/232Th activity ratios are particularly variable and gen- Sample YS32 is located below the continuous travertine
erally lower than ca 25 for all samples. Hence, relative age section, at a depth of 65.4 m, under a package of sandstones.
corrections due to detrital thorium are sometimes large. The It has up to 15- to 100-fold higher uranium concentrations
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TABLE 2 Comparison of average

Needle shape Transition Calcite rim Analyses 5'3C and 50 values (V-PDB) in aragonite
8"°C,, (V-PDB) needle pseudomorphs, discontinuous needle
Y-10-15 2.52 +0.87 3.60 +0.87 4.42 +0.87 n=25 pseudomorphs (transition) and the calcite

Y-10-21 Failed Failed Failed cement rim around
5'%0,, (V-PDB)

Y-10-15 —26.22 +0.18 — —26.83 +0.18 n=06

Y-10-21 —25.58 +0.16 — —25.44 +0.16 n=12

One standard deviation given.

than the other samples. It should be noted that all samples
show a similar 634Ui signal of 1,083-1,334%o, except for
sample YS28 (706%o). This could suggest another uranium
source in the waters from which these first travertine depos-
its, at the bottom of the continuous travertine section, formed.

Two samples were analysed twice, once as a powder, like
all samples, and a second time, starting from a small rock
piece allowing more careful cleaning just before dating. For
sample YS36, both results are comparable. For sample YS28,
with an anomalous 834U,~ signal, the analyses lead to signifi-
cantly different results. The ages of the samples near the base
of the continuous travertine section (YS28) and the travertine
below the sandstones (YS32) have to be interpreted with cau-
tion regarding their elevated thorium concentrations and age
inconsistencies in duplicate analyses. The lowermost sample
of the continuous travertine section (YS28), at 44.3 m depth,
is older (ca 13.4-17.9 ka) compared to the travertine depos-
its, at 65.4 m (YS32), dated 6.5 ka, and lying underneath
the (Jurassic) marine sandstones of the Ellis Group (Swift
Formation). Sturchio (1990) found an age of 7.7 ka for their
deepest sample at 72.9 m depth.

5 | INTERPRETATION AND
DISCUSSION

5.1 | Palaeo-environmental evolution
of travertine deposition in the Y-10 core:
Macrofabrics and depositional facies

The Y-10 core fabrics and facies were described, re-
interpreted and linked to those of the active springs. As mi-
crofabrics remain well preserved, depositional facies are still
visible and interpretable in most of the core. The link with
fabrics in Recent deposits was particularly straightforward
for the Proximal Slope Facies, the Distal Slope and to a lesser
extent for the Pond Slope and Apron-Channel Facies. This al-
lowed the vertical succession to be interpreted together with
evolution of the spring environments cored at that location,
even though the 1D core lacks the 2D-3D lateral complexity
as seen in outcrop. The roughly 50 m of continuous travertine
deposition in the Y-10 core shows an upward evolution from

more distal towards more proximal facies. Spherulitic fabrics
are formed which are currently known from the cooler, Distal
Slope Facies. Calcite rafts appear, which are characteristic of
CO,-rich, standing waters, and gastropods have been recog-
nised in this part of the core by Chafetz and Guidry (2003).
These observations suggest a laterally extensive pond or low-
angle apron, fed by hot springs. A similar facies underlies the
onset of terraced, travertine mounds in travertine quarries in
Denizli (Turkey; Claes et al., 2015) and Italian Pleistocene
travertine quarries (Della Porta et al., 2017; Guo & Riding,
1998), where it can be traced over tens to hundreds of metres
laterally.

5.2 | The fate of travertine fabrics

The diagenetic history of the spring carbonates in the Y-10
core at MHS provides valuable insight into how travertine is
preserved in the geological record. In sub-Recent travertine
samples, from Vent to Proximal Slope, aragonite dominates
as the primary precipitate at MHS. However, even in these
samples, equant, sparry calcite crystals cover and replace
laminae with aragonitic textures and may be covered, in turn,
by a new phase of aragonitic, composite crystal textures such
as shrubs. Based on the appearance of neomorphism and cal-
cite cementation within active springs, it can be concluded
that primary precipitation and the onset of diagenesis are vir-
tually coeval at MHS.

The different fabrics and facies throughout the entire trav-
ertine section were examined petrographically. The sequence
of observed diagenetic events and associated textures are con-
sistent throughout and are not related to initial facies or fabric
differences. Neomorphism, overgrowth and cementation tend
to create a microscopic texture of interlocking mosaic calcite
crystals, with cloudy, microporous crystal cores in which the
details of primary lamination and composite crystal texture
gradually disappear (Figure 12). In some cases, the rough
morphology of the initial texture, that is, shrubs or spherules,
can still be discerned, although the mineralogy has changed.
Early diagenetic neomorphism and cementation in spring
deposits at MHS may thus result in the homogenization of
primary features (Figure 12).
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A comparison of Y-10 core samples with the modern de-
posits has shown that neomorphism, that is, the polymorphic
transformation of aragonite to calcite, is one of the first and
most pervasive, early diagenetic processes. Two types of mi-
croscopic textures can be distinguished:

1. Calcite mosaics enclosing relics of aragonite needles.
The fibres can be followed across different calcite
crystals or several of them are engulfed by a single
calcite crystal (Cc-1 or Cc-2; Figure 12). Finally, they
become discontinuous, isolated patches in the calcite
crystal (Figure 12). The XRD analyses demonstrated that
in places, these fibres are not only textural ghosts, but
also aragonite relics that preserved their mineralogy. At
depths between 5 and 10 m, aragonite decreases below
1%, although ghost textures can still be observed. Similar
features have been described from speleothem deposits
(Martin-Garcia et al.,, 2009, 2014; Martin-Pérez et al.,
2012) and non-marine cool or hot springs (Arp et al.,
2001; Golubi¢ et al., 2008).

2. Microtextures consisting of a microporous, microcrystal-
line crystal core with a brown, cloudy appearance in trans-
mitted light, surrounded by a transparent, dense calcite rim

(Figure 12). The second texture is often observed adjacent
to the first, but is more widespread in the Y-10 core sam-
ples studied.

The process of aragonite to calcite neomorphism has been
found to involve microscale dissolution of metastable arago-
nite and reprecipitation of calcite along a thin fluid film, at
virtually the same place and time (Frisia et al., 2002; Maliva
et al., 2009; Zhang et al., 2014). Experimental work suggests
that the process of creating/preserving pseudomorphs is rate-
limited by the dissolution of the parent material (here: arago-
nite) rather than by the precipitation of the secondary phase
and solute transport to the reaction front (Casella et al., 2017;
Putnis & Putnis, 2007). A similar process was indirectly sug-
gested by different authors based on microscopic work on spe-
leothems. When pore fluids become locally, at nanoscale to
microscale, saturated in aragonite during ongoing calcite pre-
cipitation, aragonite dissolution may slow down or temporar-
ily stop and a relic may become enclosed in the calcite crystal
(Martin-Garcia et al., 2014; Martin-Pérez et al., 2012), such
as observed here. A detailed speleothem study by Martin-
Garcia et al. (2014) and observations of Holocene travertine
and tufa by Rodriguez-Berriguete (2020) further suggest that

time
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FIGURE 12 Schematic diagram showing how aragonite needles and the composite crystal structures they form change throughout

progressive diagenesis as observed at Mammoth Hot Springs and in the Y-10 core
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precipitation of calcite started as microcrystalline, scattered
crystals between aragonite fibres. The number of calcite crys-
tals then grows and crystals merge, a process referred to as
aggrading recrystallization by Rodriguez-Berriguete (2020).
This process eventually results in a coarse crystalline mosaic
of calcite crystals, with or without enclosed aragonite relics
(Martin-Garcia et al., 2014; Rodriguez-Berriguete, 2020;
Figure 12).

The appearance of microporosity after neomorphism of
aragonite to calcite would suggest that aragonite dissolution
proceeds faster than the precipitation and growth of calcite
crystals. As more material is dissolved and can be trans-
ported away from the reaction front, this may locally create
microscopic pore space (Casella et al., 2017). Alternatively,
the post-depositional fluid may not have been continuously
oversaturated with respect to calcite, leading to dissolution of
the metastable aragonite, or only partial neomorphism to, for
example, microsparitic calcite.

The origin of micron-sized porosity within ancient trav-
ertine deposits has been questioned (Chafetz, 2013; Soete
et al., 2014). Extrapolating from observations by Bosak et al.
(2004), micropores might be a biosignature, indicating the
former physical presence (now holes) or involvement of mi-
croorganisms in travertine precipitation. Living microorgan-
isms are abundant in the springs and, in places, play a role
in precipitation of CaCOj; (Arp et al., 2010; Kandianis et al.,
2008; Rogerson et al., 2008; Shiraishi et al., 2008). The mi-
croporosity observed here (Figure 7C,D), however, develops
during neomorphism of metastable aragonite and cementation
by low magnesium calcite. In aragonitic mollusc shells, which
are denser, the expulsion of enclosed organic matter (OM)
steers the neomorphism reaction front (Pederson et al., 2019).
An increase in microporosity in such calcitic fabrics has not
been reported. In experiments where less tight aragonitic fab-
rics (fluid-buffered system) were exposed to hydrothermal
conditions to simulate diagenetic transformations (Pederson
et al., 2020), OM was easily removed during the earliest stage
of neomorphism/recrystallization. A similar process could be
expected to have happened to the travertine samples studied
here. OM, OM bound water and/or other impurities thus may
have been a driver in localising the initiation of aragonite dis-
solution. The formation of intracrystalline microporosity more
likely relates to small-scale, differential rates of aragonite dis-
solution and calcite cementation during neomorphism.

Both textures, that is, the presence of aragonite relics or
ghosts and the presence of cloudy, microporous crystal cores,
occur at distances on the order of tens of microns from each other
in single specimens. Such isolation emphasises that in time, and
in space, diagenetic processes in spring carbonates were hetero-
geneous and took place in micro-realms (Golubic et al., 2008).

To conclude, the diagenetic changes that impact the pri-
mary fabrics at MHS, that is, neomorphism, overgrowth
and cementation, seem to result in homogenization (Guo &

Riding, 1994) and coarsening (Rainey & Jones, 2007), often
reducing primary (intercrystalline) porosity and leading to
a ‘convergence’ of microscopic fabrics (De Boever et al.,
2017a; Golubié et al., 2008; Martin-Garcia et al., 2014).
The diagenetic microfabric of cloudy crystals in compos-
ite dendrite textures or spherulites has been described from
a range of fossil, continental deposits including cool to hot
spring environments in different geodynamic and environ-
mental contexts (Arp et al., 2013; Claes et al., 2015, 2017;
Gandin & Capezzuoli, 2014; Guo & Riding, 1994). While
the fine-grained micritic fabric has, in some cases, been re-
lated to precipitation in association with microorganisms
or to diagenetic, dissolution related, spar micritization, the
observations from MHS show that such textures may result
from neomorphism of primary, aragonitic textures. This has
implications regarding the interpretation of the mineralogy of
ancient carbonate spring deposits, now mostly all calcite, and
the chemical characteristics of the source waters.

5.3 | Early diagenesis and the fate of stable
isotope signatures

The combination of bulk carbon and oxygen isotopes and
spot analyses using micro-SIMS of sub-Recent and fossil
travertine shed further light on the diagenetic processes and
history of fluid circulation. When looking at the bulk stable
isotope values, the carbon—oxygen isotope covariance for
both recent and fossil deposits remains virtually the same,
and nearly parallel. The offset between the Y-10 core sam-
ples and sub-Recent MHS samples is 1-1.5%o for 8'3C. This
is within the range of 1-2%o difference for carbon between
the two polymorphs (Swart, 2015).

In active hot spring carbonate deposits, a combination of
CO, degassing, temperature decrease and evaporation result-
ing in the increase of "°C and 6'®0 values downstream has
been used to explain carbon—oxygen isotope covariation (Arp
et al., 2001; Fouke et al., 2000; Kele et al., 2011; Pentecost,
2005). The isotopic ratios of the older, calcitic deposits pre-
serve this positive trend. The bulk values suggest that ara-
gonite, and later calcite, largely precipitated from the same
source fluids over a similar temperature range.

The correlation of the travertine isotopic signature and its
position along the downstream outflow path (facies), as doc-
umented for the modern deposits (Fouke et al., 2000), are,
however, lost in the ancient counterparts. Resetting during
neomorphism and calcite precipitation must have blurred the
primary downstream trend. Temperature, evaporation, degree
of CO, degassing and water composition vary not only down-
stream, but also through time (Fouke et al., 2000; Veysey et al.,
2008) with changing spring activity, chemistry, day—night and
weather conditions. These changes influence calcite-aragonite
stability and the isotopic signal of the carbonates that precipitate
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(Gutjahr et al., 1996a, 1996b; Morse, 2002; Morse et al., 2007;
Shiraishi et al., 2020). The isotopic value of neomorphosed-
cemented travertine would then obviously change, but still vary
roughly along the same 8'*C—5'%0 trend. The framework of
Recent travertine (Figure 3A-D) is rather open and unlikely
to have inhibited the percolation of spring waters through the
already deposited travertine in the subsurface. This is in agree-
ment with the findings of Sturchio (1990) who concluded,
based on the Mg, Sr and Ba content of aragonite and calcite
travertine at MHS, that polymorphic transformation must have
happened under conditions of high water—rock ratio.

5.4 | TFluid history as revealed by
SIMS analyses

Spot analyses of individual calcite phases further reveal the
multi-stage fluid history. Micro-SIMS analyses of a modern
travertine sample (79% aragonite) show that Cc-1 calcite ce-
menting and replacing aragonitic shrub textures have a variable
8'C value. Both 8'°C and (‘SlgOVpDB values are also lower than
the bulk isotopic value. These spot analyses in a Recent sample
actually fall not on, but off the positive 613C—8180VPDB trend
documented by the bulk values. The results of the Cc-1 spot
analyses thus suggest that early neomorphism and cementation
of aragonite shrub textures by calcite have not only been in-
duced by the spring waters themselves, but probably also by
interference with rain water and CO, dissolved from the deg-
radation of OM. This may happen at the surface, for example,
during exposure as the result of a drop in spring activity and
outflow (Shiraishi et al., 2020), or locally within the travertine
as a result of preferential flow due to porosity—permeability
heterogeneity (Claes et al., 2017; De Boever et al., 2016;
Rodriguez-Berriguete, 2020). A comparable trend is seen in
cloudy crystals analysed in sample 38 (Figure 11G-I).

In the core samples, Cc-1 and particularly Cc-2 cements
reveal isotopic signatures that are closer to, or a little below
the bulk values. Their luminescence is predominantly dull,
but may show darker or lighter zones. Both phases make up
the bulk cements of most samples and are interpreted to result
from spring fluids comparable to those that initiated traver-
tine precipitation, as explained above.

However, the signature of the Mc-1 phase, a micritic
rim observed in several samples following Ccl and Cc-2, is
anomalous. This thin micritic rim was difficult to analyse
using micro-SIMS due to its fine-grained texture, but the lim-
ited number of good quality results show a similar to lower
SISOVPDB value and 4—6%o lower values for 8'°C compared to
the bulk value, Cc-1 and/or Cc-2 cements. This may point to
the calcification and fossilization of what formerly was an en-
crusting biofilm, coating the pore space. Although the isotopic
values are clear and significantly different, an organic or mi-
crobial origin could not be further confirmed by microscopic

analyses. Calcified EPS has only been observed in modern
deposits (Apron-Channel facies) between aragonite needles
(Figure 5A). Biofilms are a common feature in, for example,
cave deposits (Jones, 2010). Given the omnipresent microbial
life at MHS, cryptic OM, including mats, could have been
present and it is not unlikely that their calcification resulted in
the fine-grained micritic bands observed here.

The Cc-3 cement phase points to a shift in diagenetic flu-
ids. The occurrence of this cement chiefly near the top of the
core, as poikilotopic crystals, showing alternating dissolution-
precipitation events in cathodoluminescence, suggests the rap-
idly changing chemical conditions typical of a near-surface
open system. The variation in carbon isotopes with more stable
6180VPDB values points to diagenesis in meteoric conditions,
where rain/snow (lower SISOVPDB) or evaporative waters (ele-
vated 618OVPDB values) infiltrate and carbon derived from CO,
from the decomposition of OM becomes incorporated in vari-
able amounts. The data points are limited, but samples from
the top of the core also suggest an inverted J-trend typical of
the so-called meteoric diagenesis (Allan & Matthews, 1982).

5.5 | History and timing of travertine
deposition revisited

Travertine ages were revisited to assess (a) the history and pos-
sibly the onset of travertine formation and (b) to approximate
the timing of complete aragonite to calcite neomorphism.

Three facts hamper interpretation of the results. First, the
allowed core sampling density and the small sample size did
not allow continuous XRD characterisation and dating of
samples. Second, transformation of aragonite to calcite (neo-
morphism), cementation and dissolution affected all core
samples over the entire core length. It is well-known that
processes such as dissolution—reprecipitation and neomor-
phism can remobilise uranium and cause significant leaching
leading to age uncertainties and inversions (Bajo et al., 2016;
Claes et al., 2020; Frisia et al., 2018; Gutjahr et al., 2013;
Scholz et al., 2014). As discussed before, the system has been
open and diagenesis can be expected to have reset the ura-
nium concentrations and U/Th ratios. Petrography of recent
travertine has also shown that neomorphism and cementation
started at the surface, only just after, and, locally, during on-
going precipitation in active springs. Diagenesis may have
affected the uranium concentrations and U/Th ratios, but in-
troduced an error inferior to the dating error. Third, travertine
deposits have high detrital thorium concentrations rendering
age corrections more uncertain. For these reasons, the results
have to be interpreted as rough approximations and minimum
ages. Focus is therefore more on relative trends, than on ab-
solute values.

The accumulation rates deduced from AU/Th dates vary
between 2 and 20 mm/year. Such rates are inferior to those
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measured in the active Mammoth springs by precipitation
experiments, which are on the order of 0.2-1.0 mg/cm3h or
<5 mm/day (Fouke, 2011; Kandianis et al., 2008). They are,
however, higher than values found for banded travertine in fis-
sure ridges at Futamata (0.06 mm/year; Shiraishi et al., 2020)
and at different locations in Turkey (Altunel & Karabacak,
2005; Mesci et al., 2008) or for tufa deposits in Spain (aver-
age 0.7 mm/year; Rodriguez-Berriguete et al., 2018). In situ
measurements at Mammoth were taken over a couple of days
in an active stream. Fossil ages also cover periods in which
the spring or parts of the outflow path may have been dry.
The latter ages therefore could provide a realistic idea of the
range of long-term accumulation rates in spring systems, in
addition to peak values measured in the flow path of active
springs. The maximum age found for the travertine sample
at 44.3 m depth (YS28), that is, near the bottom of the con-
tinuous travertine section, varies between 13.4 ka + 1.51 ka
and 17.9 ka + 0.95 ka. These dates are older than those pre-
viously reported and may suggest that travertine deposition
had already started just before the Holocene. However, the
age discrepancies and anomalous 6234Ui signal of the sample
complicate a definitive interpretation.

The U/Th results of this study assign the travertine depos-
its underlying the Jurassic sandstones to a younger age than
the deepest part of the continuous travertine section above. In
addition, the sample analysed here has much higher uranium
concentrations than the other samples (Table 3). This can ei-
ther be explained by higher uranium availability from pore
water during growth or due to an open system and post-growth
uranium uptake. Petrographically, this travertine sample is
entirely similar to the travertine above. However, the core sec-
tion exposes several thin and thicker breccia horizons below,
within and above the deeper travertine deposits. These brec-
cia samples disconnect the deeper travertine horizon from the
continuous travertine section. They are further absent higher
up in the core. Finally, a gap of 1.8 m separates the Jurassic,
marine sandstones that cap the deeper travertine section from
the top continuous travertine section. While these sandstones
are not diamictite deposits (cf. Chafetz & Guidry, 2003), they
are clearly marine in origin and have been interpreted as de-
posits belonging to the Ellis Group. Alternatively, this dating
anomaly could be a result of faulting that displaced part of
the travertine deposits and/or Mesozoic basement below the
continuous travertine section. Faults have been mapped in the
region by White et al. (1975; Figure 1), although the exact
nature and history of displacements along these faults have
not been addressed. This explanation for the dating anom-
aly suggests recent activity along such structural discontinu-
ities after travertine deposition started in the region during
the Holocene/late Pleistocene. It could be further addressed
during regional mapping in the area.

Mineralogical analyses demonstrated that at depths around
10 m, aragonite disappears from the system as all aragonite

is converted to calcite (Table 1). One sample (YS22) at
a depth of 12.74 m has been dated with a corrected age of
3.95 + 0.19 ka, showing that the polymorphic transforma-
tion of aragonite to calcite at the location of the Y-10 core
was completed in that time window. This window is longer
than the 9 + 0.2 year calculated by Sturchio (1990), which
was based on a comparison between the ***Ra/**°Ra ages of
an aragonitic sample from the active Angel Terrace spring
and currently exposed deposits at an inactive spring (MHS-
24) that are completely calcitic. Estimations of aragonite to
calcite inversion rates under wet conditions and temperatures
<100°C range widely (De Boever et al., 2017a; Frisia et al.,
2002; Zhang et al., 2014). A recent very detailed study by
Zhang et al. (2014) on aragonite—calcite speleothems demon-
strates neomorphism in less than 8.9 ka using U-Th ages.
Budd (1988) report complete inversion in 5-16 ka in phre-
atic, meteoric diagenetic environments. However, hot spring
deposits in Italy were found to completely invert in 15 days
(Malesani & Vannucchi, 1975). These variations in aragonite-
calcite inversion rates depend largely on the permeability of
the deposits, the physicochemical conditions (T, water com-
position) of the fluids that aragonite deposits have been ex-
posed to and that drive the inversion reaction (Bischoff &
Fyfe, 1968; Casella et al., 2017). The approximation of rates
for neomorphism in this study is in general agreement with
rates found in other studies where inversion is also driven
by waters similar to those involved in primary precipitation
(Budd, 1988; Frisia et al., 2002; Zhang et al., 2014). The rates,
however, seem longer than those inferred for active hot spring
deposits (Malesani & Vannucchi, 1975; Sturchio, 1990).

6 | CONCLUSIONS

Spring systems are very efficient and fast precipitating non-
marine calcium carbonate factories. However, many fabrics
in older, Quaternary, but also more recent deposits suggest
diagenetic overprinting. Clear ideas on the diagenetic path-
ways, products, impact on geochemical and palaeoclimato-
logical signatures and the rates of these processes are still
scarce. In this study, the Y-10 core that was drilled in 1967
at one of the upper terraces of the MHS in YNP (USA) was
revisited and compared to observations of active spring de-
posits, with the goal to shed light on the nature, impact and
timing of early diagenesis in (hot) spring carbonates.

The Y-10 core reveals a sequence of continuous travertine
deposition (around 50 m) overlying Mesozoic siltstones, con-
glomerates, marine sandstones and limestones. The travertine
depositional facies in the upper 50 m of the core show a rough
distal to proximal trend upwards confirming observations by
Chafetz and Guidry (2003). Bulk stable carbon and oxygen
isotope values show a positive 613C-618OVPDB trend (8'°C:
2.6-4.8%0, 8'®Oyppg: —27.3 to —21.2%o), similar to that of

85UB01 7 SUOWIWOD SAIIER.D 3|gedldde ay) Aq peusencb 8. e sojole VO ‘88N JO SaINJ 10} A%eiqi8uljuO A1/ UO (SUOTIIPUOO-PUe-SWBIALI0D" A3 1M AJelq | pulUo//Sdny) SUORIPUOD pue SWe 1 8y} 89S *[£202/T0/Z0] U0 Akeidiauluo A8|IM ‘SpuelBUYBN 8Uey0D Aq £5T 2dep/Z00T OT/I0p/W0 A8 im Areiq1jeuluoy/sdny woiy pepeojumod ‘T ‘220z ‘L/8vSS0Z



246 |

DE BOEVER ET AL.

modern travertine deposits in nearby springs, but a distal to
proximal trend in the bulk isotope values is not present in the
fossil deposits.

Low-resolution to high-resolution microscopy shows
that diagenesis has already started in modern springs. The
sequence of diagenetic phases is observed in the core regard-
less of the depositional facies and tends to homogenise depo-
sitional fabrics. Petrography and stable isotope spot analyses
using micro-SIMS allow two main episodes to be distin-
guished in terms of fluid circulation:

1. Open system circulation of the spring waters through the
heterogeneous but often porous primary spring fabrics
results in neomorphism of aragonite, creation of microp-
orosity within the calcite crystals (Cc-1, Cc-2), fossiliza-
tion of potential microbial mats in cavities (Mc-1) and
calcite cementation and dissolution. The driving fluids are
often the same as those that induced the initial calcium
carbonate precipitation. Early diagenesis therefore leads
to a resetting of the isotope signature, but preserves the
51%C-6'%0 covarying trend as a function of temperature
and fluid composition, of the modern spring deposits.

2. Open system circulation of fluids leads to late stage disso-
lution and cementation by a well-zoned non-luminescent to
bright and dull luminescent calcite (Cc-3), predominantly
at the top of the core. Uniform 6180VPDB values and a range
of lower 8'°C values suggest the influence of infiltrating
meteoric fluids.

The diagenetic changes that impact the primary fabrics
at MHS, that is, neomorphism, overgrowth and cementa-
tion, seem to result in a homogenization and coarsening of
microfabrics in spring carbonates, significantly reducing its
primary porosity. In this study, SIMS analyses proved to be
a powerful technique in determining the stable isotope signa-
ture of individual cement generations. These often diverted
from the bulk values that were measured and therefore al-
lowed better detangling of the fluid history and changing pre-
cipitation conditions during diagenesis.

The interpretation of U/Th ages of two modern and four
Y-10 core travertine samples is complicated by the elevated
level of (detrital) thorium. The new ages acquired in this study
suggest that travertine deposition at the MHS location started at
the very end of the Pleistocene/beginning Holocene. If differ-
ences between ages of samples at different depths are approx-
imately preserved, a range of depositional rates between 2 and
20 mm/year can be deduced. Aragonite completely disappears
from the record at depths of 10 m, suggesting that neomorphism
is completed before 3.95 (+0.19) ka. The deposits underlying
the continuous travertine sequence have been interpreted by
Sturchio (1990) as clastic interlayers, glacial till and Mesozoic
basement. These deposits were interpreted as volcanoclastic
sediments in the study of Chafetz and Guidry (2003). They are

re-assigned in this study to different deposits of Mesozoic age
and to possible fault breccia. Fault displacement after the onset
of travertine deposition is further considered responsible for
the presence of travertine deposits below rocks that belong to
the Late Jurassic marine sandstone unit of the Swift Formation
(Ellis Group). It could explain why the age of this small trav-
ertine unit in the core is younger than the lowermost sample
dated in the continuous travertine section above.
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