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ABSTRACT

Chemical changes in hot springs, as re-
corded by thermal waters and their deposits,
provide a window into the evolution of the
postglacial hydrothermal system of the Yel-
lowstone Plateau Volcanic Field. Today, most
hydrothermal travertine forms to the north
and south of the ca. 631 ka Yellowstone cal-
dera where groundwater flow through sub-
surface sedimentary rocks leads to calcite
saturation at hot springs. In contrast, low-
Ca rhyolites dominate the subsurface within
the Yellowstone caldera, resulting in thermal
waters that rarely deposit travertine. We in-
vestigated the timing and origin of five small
travertine deposits in the Upper and Lower
Geyser Basins to understand the conditions
that allowed for travertine deposition. New
230Th-U dating, oxygen (6'30), carbon (5'3C),
and strontium (¥Sr/%Sr) isotopic ratios, and
elemental concentrations indicate that trav-
ertine deposits within the Yellowstone cal-
dera formed during three main episodes that
correspond broadly with known periods of
wet climate: 13.9-13.6 ka, 12.2-9.5 ka, and
5.2-2.9 ka. Travertine deposition occurred
in response to the influx of large volumes of
cold meteoric water, which increased the rate
of chemical weathering of surficial sediments
and recharge into the hydrothermal system.
The small volume of intracaldera travertine
does not support a massive postglacial surge
of CO, within the Yellowstone caldera, nor
was magmatic CO, the catalyst for postgla-
cial travertine deposition.
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INTRODUCTION

Volcano-hydrothermal systems evolve over
time in direct response to magmatic, tectonic,
and climatic forcing mechanisms that dictate
rates of water recharge, thermal fluid circula-
tion patterns, and thermal dissipation. Under-
standing the factors that are the most influential
in active, unexhumed hydrothermal systems
is often difficult without a temporal perspec-
tive on how the system responded to known
internal and external forces. Fortunately, the
chemistry of thermal waters and their mineral
deposits provide a window into the evolution
of hydrothermal systems (Hurwitz and Lowen-
stern, 2014, and references therein). The loca-
tion, volume, and deposition rate of travertine
provide a record of hydrothermal changes over
annual to millennial time scales since the late
Pleistocene (Fig. 1; Berger, 1978; Sturchio
et al., 1994; Fouke et al., 2000; Fouke, 2011;
Chafetz and Guidry, 2003; De Boever et al.,
2022). The most well-known and studied trav-
ertine deposit in Yellowstone National Park
is at Mammoth Hot Springs (Bargar, 1978;
Pierce et al., 1991), but travertine has also been
deposited within the Yellowstone caldera in the
Upper and Lower Geyser Basins and near the
southern boundary of Yellowstone National
Park (Fig. 1).

Small travertine deposits (<50 m in length
and only several meters high) within the Yellow-
stone caldera are associated with thermal springs
that are not currently depositing travertine or are
extinct. The subsurface within the Yellowstone
caldera consists of thick rhyolite flows and
ignimbrites that are poor in calcium (Christian-
sen, 2001), so thermal waters discharging at hot
springs are mostly near saturation with respect
to silica (SiO,), not calcium carbonate. The exis-
tence of travertine within the caldera, therefore,
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is puzzling and requires hydrochemical condi-
tions that are not presently typical for the major
intracaldera geyser basins.

Mechanisms driving past travertine deposi-
tion within the Yellowstone caldera could have
originated at either shallower or deeper levels
within the hydrothermal system (Fig. 2). A
potential shallow mechanism could have been
large influxes of cold meteoric water into the
hydrothermal system that cooled groundwa-
ter temperatures and increased calcium con-
centrations. This meteoric water could have
originated as meltwater from Pinedale glaciers,
which at their maximum extent from 22 ka to
14.5 ka covered the Yellowstone Plateau in
over 1 km of ice (Bargar and Fournier, 1988;
Licciardi and Pierce, 2018), or as rainfall
during prolonged wet periods (centennial to
millennial scale in duration; Fig. 2A). Alter-
natively, travertine deposition may have been
catalyzed by the release of subsurface carbon
dioxide, either from postglacial crustal decom-
pression, seismic events releasing accumulated
crustal volatiles (Fig. 2B), or degassing of
shallow (<5 km depth) magmatic intrusions
(Fig. 2C). As there have been no known vol-
canic eruptions since ca. 70 ka (Christiansen,
2001; Stelten et al., 2023), localized spikes
in CO, from magmatic degassing of shal-
low intrusions (<5 km depth) are ruled out.
Therefore, the timing of hydrothermal trav-
ertine deposition within the Yellowstone cal-
dera is related to postglacial climate and/or the
occurrence of past seismic events. This study
used 2°Th-U ages, isotopic compositions of
carbon (6'3C), oxygen (8'%0), and strontium
(¥7Sr/%Sr), and the elemental compositions of
travertine deposits within the Yellowstone cal-
dera to understand the role of different external
forces in triggering deposition of these unique
intracaldera travertine deposits.
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Figure 1. (A) Map of the lo-
cations of travertine deposits
within Yellowstone National
Park (the black dashed line is
the boundary of Yellowstone
National Park). Open circles
labeled with large font indicate
intracaldera travertine depos-
its investigated in this study.
Filled circles labeled with small
font indicate other travertine
areas in Yellowstone National
Park not included in this study.
Green dotted outline indicates
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GEOLOGY AND STUDY REGION

The term travertine in this study refers
to nonmarine carbonates (CaCOj; as calcite
and aragonite) precipitated from ground-
water discharged at thermal springs (Fouke
et al., 2000). In the Yellowstone hydro-
thermal system, circulating groundwater is
heated by the magmatic system; rises along
crustal faults and permeable zones such as
the edges of rhyolite flows, where it may
mix with cool meteoric water or boil; and
discharges at hot springs (Fournier, 1989;
Hurwitz and Lowenstern, 2014). Upon
discharge, reductions in both pressure and
temperature result in exsolution of dissolved
CO,, supersaturating waters with carbonate
species and triggering mineral precipita-
tion (Friedman, 1970). Modern travertine-
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locations of travertine samples,
and active hydrothermal fea-
tures. Background on these fig-
ures is 2020 light detection and
ranging (LiDAR) data (U.S.
Geological Survey 3D Elevation
Program, 2022) and geologic
contacts (Waldrop and Pierce,
1975; Muffler et al., 1982a,
1982b; Christiansen, 2001).
(B) Firehole Lake, Lower Gey-
ser Basin. (C) Hillside Springs
Group, Upper Geyser Basin. (D)
Travertine near Morning Glory
Pool, Upper Geyser Basin. See
Figure S1 for a map of Terrace
Spring, descriptions of traver-
tine samples, and field photo-
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depositing waters in Mammoth Hot Springs
discharge at temperatures of ~70 °C, which
is below the boiling point of pure water for
their elevations (92-94 °C). The source of
calcium and carbonate at Mammoth Hot
Springs originates from the dissolution of
Paleozoic and Mesozoic limestones and
evaporites in the subsurface (Pierce et al.,
1991). The travertine deposits described in
this study are within the ca. 631 ka Yellow-
stone caldera and are located in the Upper
Geyser Basin (near Morning Glory Pool and
the Hillside Springs Group), the Lower Gey-
ser Basin (east of Firehole Lake), and at Ter-
race Spring near Madison Junction (Fig. 1;
Waldrop and Pierce, 1975; Waldrop, 1975;
Mulffler et al., 1982a, 1982b). These depos-
its precipitated subaerially, supported by
the ubiquitous presence of finely laminated
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graphs (see text footnote 1).

beds (rather than the poor bedding typi-
cally found in tufas) and the large crystal
size and euhedral habit (shrubs, spars, den-
drites, blades, or shards) of carbonate grains
(Capezzuoli et al., 2014). Present-day cli-
mate in the Upper and Lower Geyser Basins
is best approximated using the Old Faith-
ful climate station, where the records span
from 1904 to the present (https://wrcc.dri
.edu/cgi-bin/cliMAIN.pl?wy6845, accessed
March 2023). Average temperatures over
the period of record are —9.8 °C in January,
14.0 °C in July, and 1.3 °C annually. Pre-
cipitation is high in December—January and
May-June. Much of the precipitation falls
as snow (November—March), while sum-
mers (July—September) are relatively dry.
The highest discharge in the Firehole River
(whose catchment includes all the Upper and
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Figure 2. Cartoons illustrating
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tocene to the present for all
scenarios. (A) Increased weath-
ering of surficial sediments and
recharge to the hydrothermal
system during deglaciation or
periods of high precipitation.
The increased availability of
fresh glacial tills composed
of glacially transported rocks
(basalts, andesites, and dacites)
from the eastern Yellowstone

region provide critical sources

of Ca*+, Mg**, and HCO;~ to the hydrothermal system; the rate of weathering of these surficial sediments increases during periods of wet
climatic conditions. (B) Release of accumulated volatiles (mostly CO,) by earthquakes from previously hydrothermally sealed subsurface.
Volatile release is highest in locations above large faults, like Terrace Spring, which is located at the convergence of the Mammoth-Norris
fault corridor and the ca. 631 ka caldera rim fault. (C) Offgassing of a magmatic intrusion (here illustrated as a shallow dike, <5 km depth)
can result in large travertine deposits that are spatially constrained to locations above the dike intrusion; as there have been no known
volcanic eruptions in the Yellowstone Plateau Volcanic Field since ca. 70 ka, we rule this out as a potential mechanism for the formation of

within-caldera travertine.

Lower Geyser Basins) occurs in May and
June from the melting of winter snowpack.

Firehole Lake Travertine, Lower Geyser Basin

Firehole Lake (2250 meters above sea level
[masl]) is located on the far eastern side of the
Lower Geyser Basin in a narrow valley between
the Mallard Lake and Elephant Back rhyolite
flows (Fig. 1B; Fig. S5 in the Supplemental
Material'). Several hot springs are currently
active on the banks of Firehole Lake, which is
itself a thermal feature. The travertine deposit is
east of these active features and forms a wide
low-relief, flat-topped set of terraces that cover

ISupplemental Material. Field photos of all
travertine deposits described in this manuscript
and a geologic map of Terrace Spring. Please visit
https://doi.org/10.1130/GSAB.S.24891144 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

an area roughly 185 m by 60 m. The travertine
in many spots is brown from coprecipitation of
manganese oxides and carbonates with the trav-
ertine, and in some locations, thin layers of cal-
cite are interspersed with thin layers of manga-
nese oxides and carbonates. The exposed section
of the deposit is estimated to be ~3.3 m thick.

Hillside Springs Travertine, Upper Geyser
Basin

The Hillside Springs Group is an active set
of springs that discharge from the Summit Lake
rhyolite flow; they are the westernmost springs
in the Upper Geyser Basin (Fig. 1C; Fig. S2).
The springs issue from high on a hillside (2280
masl) and have deposited both carbonate and
silica minerals, although they do not precipitate
appreciable amounts of either mineral at present
(Allen and Day, 1935). Large outcrops of older
travertine can be found below (2234-2264 masl)
the currently active springs, where they form

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B37317.1/6242347/b37317 .pdf

bv Montana State lJniversitv user

dissected and eroded mound- and fissure-type
structures of low relief. The exposed thickness
of these deposits is less than 4 m. An isolated
spring ~500 m northwest of the main Hillside
Springs Group actively discharges at 2251 masl
and is associated with another deposit of traver-
tine (Fig. S3). The mound here is 4 m wide by
2.5 m high and exhibits a transition from lay-
ers exclusively composed of 0.5- to 2-cm-thick
travertine to the top meter exhibiting interlayered
silica sinter and travertine.

Travertine near Morning Glory Pool,
Upper Geyser Basin

Travertine deposits in a small draw ~400 m
north of Morning Glory Pool (2247 masl) on the
east side of the Upper Geyser Basin form a sin-
gle low, flat-topped terrace that is not associated
with any active thermal springs (Fig. 1D; Fig.
S4). This travertine deposit is roughly 53 m by
22 m in size, centered within a drainage where
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paleowaters issued through unconsolidated
Pinedale-age glacial till (Waldrop, 1975; Muf-
fler et al., 1982b). The travertine is layered, with
prominent, 15-cm- to 30-cm-thick beds of hard,
dense travertine alternating with thinner layers a
few millimeters to 1.5 cm thick, all of which are
buff to pinkish in hue. The exposed thickness is
less than 1 m.

Terrace Spring Travertine, Caldera
Boundary

Terrace Spring (2100 masl) is a currently
active hot spring pool just north of Madison
Junction located at the intersection of the young-
est caldera rim fault with major north-south—
trending faults of the Norris-Mammoth corridor
(Fig. S1). The pool is usually characterized by
vigorous bubbling due to the very high flux of
CO, (Lowenstern et al., 2005) and temperatures
below boiling (~50 °C maximum measured in
July 2021). Travertine deposits spread out on
a wide, low-sloping plain east and downhill of
the currently active springs, forming flat ter-
races, low outcrops dispersed in a grassy field,
and small low benches of old terrace cascades.
Exposed stratigraphy is estimated to be no more
than 0.5 m.

METHODS

We identified and sampled travertine over
three field seasons. Thin sections were cut and
examined under plane- and cross-polarized light
to identify travertine textures, accessory miner-
als, and lithics. Small, ~50-100 g pieces of fresh
travertine were analyzed for major- and minor-
element concentrations using X-ray fluorescence
(XRF) on a Perform’X X-ray fluorescence
spectrometer at Hamilton Analytical Laboratory
at Hamilton College, New York. Fused discs
were analyzed for trace-element concentra-
tions using a laser ablation—inductively coupled
plasma—mass spectrometer (LA-ICP-MS) at the
Colorado School of Mines, Golden, Colorado
(detailed methods and data are provided in Har-
rison et al., 2023).

Rock slabs were cut perpendicular to bedding
surfaces and polished to expose fine structures.
Small aliquots (40-150 mg) of material from
single travertine layers were excavated with a
dental drill under a binocular microscope, avoid-
ing areas of diagenetic alteration (e.g., euhedral
crystals in voids; recrystallized areas along bed-
ding planes; areas with different fluorescent
properties when viewed under shortwave infra-
red light; see the Supplementary Material [foot-
note 1]; Harrison et al., 2023) and contamination
with detrital material. Aliquots of this powder
were analyzed for stable oxygen and carbon

Harrison et al.

isotope compositions, as well as for strontium,
uranium, and thorium isotopes. Oxygen and car-
bon isotope compositions were measured at the
U.S. Geological Survey (USGS) Reston Stable
Isotope Laboratory in Reston, Virginia, using
standard techniques (method details in Harrison
et al., 2023). Oxygen isotope ratios are reported
as 0130 relative to Vienna standard mean ocean
water (VSMOW) calculated as (['%0/!60.1/
[80/"0gpngaral — 1) x 1000 (Coplen, 1994).
Carbon isotope results are reported as §'*C
relative to Vienna Peedee belemnite (VPDB)
calculated as ([*C/"2Cyppiel/[*C/"Cypyngaral —
1) x 1000 (Coplen, 1994).

The Th and U isotope dilution measurements
were determined on 20—40 mg aliquots of trav-
ertine powders at the USGS Denver Radiogenic
Isotope Laboratory. Samples were spiked with
a high-purity 233U-26U-?*Th tracer solution
prior to hot-plate digestion using ultrapure
acids. U and Th were separated and purified on
ion exchange columns using Bio-Rad AG1 x 8
anion resin and analyzed on a Thermo-Finnigan
Triton multicollector thermal ionization mass
spectrometer (TIMS) using peak jumping on a
single electron multiplier (for method details,
standard values, and measured reference mate-
rial results, see Paces et al., 2022, and Harrison
et al., 2023).

Initial [234U/238U] values were close to 1 for
all samples (mostly 1.02—1.16), similar to values
measured in modern thermal waters (1.05-1.07
for Hillside Group Springs, 1.031 for Morning
Glory Pool, 1.033 for Terrace Spring; Paces
et al., 2022). In addition, uranium isotopic com-
positions did not correlate with age, and none
of the samples had *°Th-U ages older than the
last glacial period (ca. 22—-14.5 ka); both findings
indicate that significant postdepositional open-
system behavior did not occur.

Strontium was separated from the same ana-
lytical aliquots as U-series isotopes and purified
using Sr-spec resin. Unspiked strontium isotopes
were measured on the same multicollector TIMS
using triple-jump, multidynamic analyses (Paces
et al., 2022; Harrison et al., 2023).

RESULTS

We report new chemical and isotopic analy-
ses for 63 travertine layers from 30 samples.
Data and detailed description of the methods
are available in Paces et al. (2022) and Harrison
et al. (2023). Most samples, except those near
Morning Glory Pool, had [**'Th/?2Th] values
(square brackets denote activity ratios) greater
than 10, which resulted in robust 2°Th-U dis-
equilibrium ages requiring only minimal cor-
rections for common Th (i.e., 2*?Th plus asso-
ciated 2*°Th contributed from a nonauthigenic
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detrital component). Samples from locations
near Morning Glory Pool had high concentra-
tions of 232Th and elements found in detrital sili-
cates (Al, Zr, and chemical index of alteration
[CIA] elements), which indicate the deposits
incorporated a larger component of silicate dust
or dissolved salts during their formation rela-
tive to other travertines in this study. Because
some of the 23°Th present in travertines with
elevated 23?Th is exogenous and not supported
by radiogenic decay of uranium present in the
samples, 2Th contributions from the detrital
component must be mathematically subtracted
from the analysis; this treatment resulted in
larger uncertainties in »Th-U ages (Ludwig
and Paces, 2002).

The 2*°Th-U age results showed three main
episodes of travertine deposition within the
Yellowstone caldera (Fig. 3). The first interval
occurred between 13.9 ka and 13.6 ka, soon after
recession of Pinedale glaciers, and is recorded
in the stratigraphically deepest deposits at Hill-
side Springs. Following this, a major period of
deposition occurred from 12.2 ka to 9.5 ka at
Hillside Springs and near Morning Glory Pool,
followed by an ~4 k.y. hiatus during much of
the early Holocene. Travertine precipitation
ceased completely at the main Hillside Springs
and near Morning Glory Pool after the second
depositional episode, but late Holocene precipi-
tation occurred at north Hillside between 5.2 ka
and 3.9 ka, followed closely by travertine depo-
sition near Firehole Lake from 3.8 ka to 3.0 ka.
The veneer of travertine deposited near Terrace
Spring is ca. 1.2 ka.

The Hillside Springs travertines are divided
into three groups (Old Hillside, Hillside, and
north Hillside) that are spatially and temporally
distinct (Fig. 1C). The Old Hillside Springs
travertines have ages older than 13.5 ka and are
stratigraphically the deepest. The main Hillside
Springs deposit forms a continuous stratigraphic
section best exposed at the southernmost end of
the thermal area and has ages between 12.2 ka
and 11.1 ka. An isolated thermal feature and
travertine deposit at north Hillside (0.5 km north
of the other Hillside Springs thermal features)
formed between 5.2 ka and 3.9 ka and has no
exposed travertines that correlate with the older
Hillside Springs deposits.

Travertine deposits from different locations
and ages tend to cluster into groups with simi-
lar strontium and oxygen isotopic compositions
(Figs. 4 and 5). Travertine ’Sr/*Sr values vary
between 0.70979 and 0.71079 and do not show
obvious temporal trends. Instead, samples from
different locations tend to have similar 8Sr/%¢Sr
ratios that cluster over narrow and distinct ranges
(Fig. 5). The 8'80 values vary between —1.25%o
and 9.37%o, with older travertines broadly exhib-
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Figure 3. Uranium-series
(3'Th-U) ages for travertines.
Blue fields designate relevant
climatic events: the latest
stage of Pinedale glaciation
(Licciardi and Pierce, 2018),
the Younger Dryas cold event
(Cheng et al., 2020), and the
cool climatic episode identified
in Yellowstone Lake sediment
cores (Brown et al., 2021). The
histogram on the right side of
the diagram is a kernel den-
sity estimate of U-series ages,
illustrating periods of high
travertine deposition. The ages
and errors for each travertine
group discussed in the text are

shown on top of the diagram, where n is the number of travertine samples of that age (points on the plot denote different analytical aliquots,
some of which are different travertine layers from the same sample).

iting lower 830 values and younger travertines
exhibiting higher values (Fig. 4). Similarly, older
travertines have higher relative magnesium con-
tent and CIA values than younger travertines
(Fig. 6). CIA is defined as CIA = [Al,05/(Al,
0; + CaO* + Na,O + K,0)] x 100, where all
oxides are calculated as molar oxides, and CaO*
is calcium oxide in the silicate fraction only, here
calculated using CaO = Na,0. In this study, CIA
was used as an indication of removal of mobile
cations from surficial sediments during chemi-
cal weathering, facilitated by the high chemi-
cal weathering that accompanied the transition
from glacial to interglacial epochs (Wang et al.,
2020). The 813C values vary between —0.70%o
and 4.23%o; travertines from different locations
tend to cluster around similar values (Fig. 4).

DISCUSSION

Controls on Travertine Deposition in the
Yellowstone Hydrothermal System

Sources of bicarbonate and calcium are neces-
sary for travertine deposition. There are several
sources of CO,, and therefore bicarbonate, to the
Yellowstone hydrothermal system. One source is
basaltic magma deep within the crust and sub-
sequent crystallization of more evolved magma
bodies at shallower crustal levels (e.g., long-
lived magma reservoirs between ~5 km and
17 km depth; Fournier, 1989; Werner and Brant-
ley, 2003; Moran et al., 2017). Another possible
source is from decomposition of carbonate-rich
sedimentary rock underlying Quaternary volca-
nic units, although limestones originally beneath
the present-day caldera have likely been at least
partially consumed during the 2.2 m.y. life-

time of Yellowstone volcanism (Christiansen,
2001; Lowenstern et al., 2015). Another pos-
sible source of CO, is decomposition of organic
material; however, within the Upper and Lower
Geyser Basins, input of CO, from biotic sources
is assumed to be negligible based on ratios of
CH, to higher-order organic compounds (i.e.,
ethane, propane, butane, etc.), which are less
than 1000 in fumarole gases (Bergfeld et al.,
2014; Moran et al., 2017). Regardless of where
CO, originates, the hydrothermal system buffers
inputs of deep CO, by dissolution into thermal
fluids and precipitation of secondary minerals in
the deep subsurface during steam separation via
the generalized reaction:

HCOgi(aq) + Ca2+(aq) “— CaCO?(g) —+ COZ(g)
+H,0,. (1)

The deposition of travertine at the surface
occurs when CO, exsolves from groundwater
due to a reduction in the partial pressure of CO,
(pCO,) as spring discharge approaches atmo-
spheric pressure. Temperature, pH, and the con-
centrations of Ca?t, Mg?+, HCO,~, and SO,>~
are likely important parameters controlling the
precipitation of the calcium carbonate (CaCOs;)
minerals in travertine deposits (Luo et al., 2022).
The concentrations of Ca and Mg in the alkaline
waters of the geyser basins today are typically
less than 1 mg/L and 0.05 mg/L, respectively
(McCleskey et al., 2022), and are too low for
carbonate saturation. The travertine deposits
investigated in this study are located at the mar-
gins of the Upper and Lower Geyser Basins,
where spring temperatures are typically below
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boiling, the concentrations of Ca>* and Mg?* are
slightly higher, the C1~ and SiO, concentrations
are lower, and the HCO;~ concentrations are
comparable to or higher than those in the central
parts of the basins, where most springs discharge
at boiling temperature.

The postglacial episodes of intracaldera
travertine deposition most likely resulted from
either higher CO, concentrations (as bicar-
bonate, HCO;~) or higher Ca?>* and Mg+
concentrations, or both, in paleo-groundwater
compared with concentrations in modern
groundwater. Increases in CO, into the deep
hydrothermal system would have driven disso-
lution of calcite at depth and resulted in higher
concentrations of Ca>* and HCO;~ in thermal
waters according to Equation 1. This increased
flux could have originated from concurrent
shallow degassing of basaltic intrusions, as has
been hypothesized on the Colorado Plateau
(Priewisch et al., 2014). However, there is no
evidence for late Pleistocene shallow (<5 km
depth) basaltic magma intrusions in the Yel-
lowstone Plateau Volcanic Field (Christiansen,
2001), nor is there evidence for large deposits
of travertine that would have been produced
by such intrusion(s) (see “Travertine Deposit
Volume and CO, Flux” section below). Instead,
pulses of travertine deposition likely track
greater influxes of Ca?* and Mg?* into the
hydrothermal system.

Pinedale ice recession was well under way
in the northern, eastern, and southern parts
of the region from 18 ka to 14.5 ka, based
on the ages of moraines around Yellowstone
Plateau (Fig. 7B; Licciardi and Pierce, 2018).
The melting of the ~1-km-thick Yellowstone
ice cap would have produced large volumes
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Figure 4. Stable isotope composition of Yellowstone hydrothermal travertines and other materials. (A and B) 80 (%o, Vienna standard
mean ocean water [VSMOW]) and 6'3C (%o, Vienna Peedee belemnite [VPDB]) of (A) Yellowstone hydrothermal travertines from this study
compared to those from Mammoth Hot Springs (HS) and (B) Yellowstone hydrothermal travertines and related reservoirs. Error bars are
smaller than the data points on both plots (£0.2%o for both 880, onate ANd 8°Cypponate)- Data for Mammoth Hot Springs travertine are
from Fouke et al. (2000), Friedman (1970), Chafetz and Lawrence (1994), De Boever et al. (2022), and Chafetz and Guidry (2003). Legend
in part A applies to the entire figure. In part B, the range of §'%0,,,,., for modern Yellowstone cold waters (light-blue vertical band) is from
Kharaka et al. (2002). Compositions of individual water samples from the Hillside Springs Group and Mammoth Hot Springs are shown
with asterisk symbols (data from McCleskey et al., 2022; Fouke et al., 2000, respectively). Yellowstone Plateau Volcanic Field 513C,,, val-
ues measured in fumarole gas by Bergfeld et al. (2019) are yellow circles used to define the yellow horizontal band. Values of §80,,,,., and
813C,, ., in thermal waters (6°C measured from dissolved inorganic carbon) are shown as orange circles and all plot within the fumarole
band. Data for northern Yellowstone region sedimentary rocks (from Friedman, 1970; Kharaka et al., 1991) include carbonate-bearing
limestones and evaporites of the Madison Formation and are shown as gray diamonds within a light-green box. For comparison, the range
of 880, ater iN Mississippian seawater is shown as a vertical gray band. Simple isotopic mixing between average Paleozoic and Mesozoic
sedimentary rocks (8130, ;.q ® +21%0 and §13C,; 4 * —0.6%0, exposed and sampled north of Yellowstone National Park; Friedman, 1970)
and average magmatic gas as approximated by fumarole compositions (8'30,, ,,, = —21%oc and 83C,, .,  —3%o) is shown by the gray line
with tick marks at 10% intervals (average values of end members used in the calculation are shown with star symbols). Subsurface boiling
will drive thermal fluids to the right on the diagram (dashed boiling line), whereas rapid kinetic fractionation with subaerial CO, degas-
sing will drive waters vertically on the diagram (CO, degassing dashed line). It is possible that the within-caldera travertines were formed
by mixing between magmatic CO, and dissolution of Paleozoic and Mesozoic sedimentary rocks in the subsurface followed by rapid CO,
degassing, or thermal water boiling followed by rapid CO, degassing, or a combination of the two. (C) Range of 320, calculated to be
in equilibrium with the measured 880 ,,onate at 70 °C and 80 °C (using the equation of Kele et al., 2015). Values falling below the mean
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8130, for modern thermal waters (dashed horizontal line) illustrate that sources of late Pleistocene and early Holocene groundwater
had lower 80,,,,,,, consistent with glacial meltwater and cool climate precipitation recharging aquifers during that time. (D) Calculated
180 ,4ers at 80 °C from part C plotted along the global meteoric water line (GMWL), illustrating the likely predicted oxygen and deuterium

values of recharge waters into the hydrothermal system at the time of different travertine deposition. Compositions of modern Yellowstone
cold waters are plotted for context (data from Rye and Truesdell, 2007) and outlined in the blue shaded field.
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and Hildreth et al. (1991). Error bars (95% confidence) are smaller than the points.
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Cooler temperatures also would have increased
Figure 6. Chemical compositions of Yellowstone intracaldera travertines plotted against the reactivity of thermal waters with subsur-

their 2*Th-U age. (A) Ca/(Mg + Ca) versus >Th-U age. (B) CIA (chemical index of altera-  face rhyolite flows, which is more effective at
tion) versus *Th-U age, with CIA = [ALOy/(AL,O; + CaO* + Na,0 + K,0)] x 100, where  emperatures below 275 °C, further boosting
all oxides are calculated as molar oxides, and CaO* is calcium oxide in the silicate fraction  cajcium concentrations in discharging thermal
only, here calculated using CaO = Na,O. Blue field designates the latest stage of Pinedale  yaters (Bischoff and Rosenbauer, 1996; Cullen
glaciation, and gray field designates the Younger Dryas cold event (Cheng et al., 2020). etal., 2019).
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Figure 7. (A) Summer insolation anomaly (in W/m?) at 44.5°N (Berger, 1978). (B) Cos-
mogenic exposure probability density functions of moraine ages in the Yellowstone re-
gion (Licciardi and Pierce, 2018): purple curve—Lake Solitude, Teton County, Wyoming;
red curve—Inner Jenny Lake, Teton County, Wyoming; yellow curve—Pinedale 2, Teton
County, Wyoming; orange curve—Quter Jenny Lake, Teton County, Wyoming; magenta
curve—Junction Butte, northern Yellowstone National Park. GYE—Greater Yellowstone
Ecosystem. (C) Modeled composite Picea abundance in the Yellowstone region (Picea en-
gelmannii was among the first conifers to colonize the deglaciated landscape, as it is frost
tolerant and can endure long, cold winters and short, cool summers; Krause and Whitlock,
2017). (D) Composite lake-level history based on percent of lakes located within the U.S.
Rocky Mountains that were >0.5 standard deviations below their mean level per 250 yr
interval (Shuman and Serravezza, 2017). (E) Yellowstone Lake 8§30 ;... measured in fossil
diatoms from lake sediment cores (Brown et al., 2021). (F) Goose Lake ratio of arboreal pol-
len to nonarboreal pollen (AP:NAP), an indication of the local forest density (Schiller et al.,
2022). LGB—Lower Geyser Basin. (G) Goose Lake hydrothermal history based on arsenic
concentration in sediment cores; higher arsenic concentrations indicate a higher input of
hydrothermal water (Schiller et al., 2022). (H) Beartooth ice patch net ice-accretion rate (in
cm yr—!), where lower ice accretion indicates warmer temperatures and less winter precipi-
tation (Chellman et al., 2021). (I) Travertine §'30,,,ponac and age probability density curve
from this study plotted with regional and local paleoclimate indicators. Vertical gray bands
indicate time periods of Yellowstone intracaldera travertine deposition.

This regime lasted as long as the large vol-
umes of cold, meteoric water increased surficial
weathering and supplied recharge with higher

total dissolved solids (Fig. 2A). As the glaciers
disappeared and surficial conditions dried, cold
meteoric water infiltration decreased, and ther-
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mal waters became less reactive with subsurface
rhyolite due to the higher temperatures of water-
rock interaction. Higher thermal water tempera-
tures also resulted in more boiling and calcite
precipitation in the deeper subsurface, further
decreasing concentrations of calcium and bicar-
bonate ions in thermal waters discharging at the
surface. Consequently, Ca>* and total alkalinity
concentrations would have declined to a point
where calcite saturation could not be maintained,
similar to modern hydrothermal conditions
within the Yellowstone caldera, where travertine
deposition does not occur.

Although the scenario of intracaldera travertine
deposition illustrated above uses the high melt-
water volumes produced during glacial recession
as the source of cold water to the hydrothermal
system, the same processes would operate if
extended periods of high precipitation caused
substantial increases in meteoric water recharge
to the Yellowstone hydrothermal system. This
concept is supported by data from frequent sam-
pling of rivers that drain thermal areas in the Yel-
lowstone caldera. The ratios of HCO;~/Cl~ and
Ca>*/Cl~ and the total discharge of HCO;~ and
Ca”* increase substantially during elevated flu-
vial discharge following annual snowmelt (Hur-
witz et al., 2010). This observation suggests that
more meteoric water recharge into the subsurface
increases the concentrations of HCO;~ and Ca?*
in groundwater, which, when scaled to higher
precipitation levels than observed during histori-
cal monitoring, may significantly increase the
propensity for travertine deposition.

Finally, evidence for the calcite buffering
capacity of the subsurface hydrothermal system
is illustrated by the oxygen isotope composi-
tion of hydrothermal minerals analyzed from
several research cores drilled in the Upper and
Lower Geyser Basins in the late 1960s (White
et al., 1975). The stable isotope composition of
hydrothermal quartz and clay minerals at depth
was not in equilibrium with the §'80 of pres-
ent-day thermal waters, whereas that of calcite
was in equilibrium (Sturchio et al., 1990). This
discrepancy suggests that quartz and clays are
unreactive over time and with chemical changes
in the hydrothermal system, whereas calcite is
continuously dissolved and precipitated with
changing hydrothermal conditions, cycling with
the amount of CO, and Ca?* supplied and tem-
perature of the reservoir.

Travertine Stable Isotope and Geochemical
Signals

Travertine Elemental Compositions: Higher
Rates of Surficial Weathering in the Past

The Pinedale glaciation spanned from ca. 22 ka
to 14.5 ka on the Yellowstone Plateau, based on
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cosmogenic nuclide exposure dating of ice-mar-
ginal features and radiocarbon dating of postgla-
cial lake sediments (Licciardi and Pierce, 2018;
Whitlock, 1993). Subaerial travertine deposition
was initiated at Hillside Springs at ca. 13.9 4+ 0.12
ka, providing a minimum age for glacial recession
in the Upper Geyser Basin. The elevated CIA with
low Ca/(Mg + Ca) and 6'30 values of Old Hill-
side Springs travertines suggest deposition from
waters that contained a significant component of
surficial glacial meltwater (Fig. 6).

The low Ca/(Mg + Ca) ratio in postgla-
cial travertines was a result of the weather-
ing of exotic glacially transported sediment
(Fig. 6A). Because high-silica rhyolites under-
lying the Yellowstone caldera are Ca- and
Mg-poor rocks, sediments with higher cal-
cium and magnesium are required to explain
the elevated magnesium concentrations in the
oldest Hillside travertines. A likely source for
these sediments would have been the basaltic
and andesitic Absaroka volcanics located in the
northeastern sector of the Yellowstone region,
transported west by glaciers that originated
northeast or east of Yellowstone National Park
in the Beartooth uplift or volcanic Absaroka
Range (Licciardi and Pierce, 2018). Substantial
deposits of Pinedale-age till and glacial kame
in the Upper and Lower Geyser Basins confirm
the occurrence of locally high sedimentation
rates in postglacial time, as does carbonate-
bearing Pinedale-age loess deposits in Jack-
son Hole, Wyoming (Waldrop, 1975; Waldrop
and Pierce, 1975; Muffler et al., 1982a, 1982b;
Pierce et al., 2011). Significantly, Pinedale-age
loess exhibits significant calcium and magne-
sium leaching in the top 2 m, indicating that
snowmelt and precipitation in postglacial times
were high enough to extensively leach labile
elements from fresh reactive deposits (Pierce
etal., 2011). Similarly high rates of sedimenta-
tion from glacial outwash are also recorded in
Blacktail and Slough Creek ponds in northern
Yellowstone National Park (Krause and Whit-
lock, 2013; Whitlock et al., 2012).

Travertine Stable Isotopes: Variations in
Paleowater Composition

The §'80 values of paleowaters that depos-
ited travertine were likely 2%c—4%o¢ lower than
present-day surficial waters within the Upper
Geyser Basin (approximately —18.2%o at Hill-
side Springs; McCleskey et al., 2022), indicat-
ing either a glacial meltwater source (—23%o to
—25%o for Pleistocene ice; Bindeman and Low-
enstern, 2016) or cold late-glacial precipitation
(2%c—4%o lower than present-day precipitation
based on isotope measurements of fossilized
teeth in the western United States; Kohn and
McKay, 2010).

To assess the stable isotope compositions of
travertines, we calculated the theoretical §'80
that would be in equilibrium with present-day
thermal waters at Hillside Springs (880, =
—18.2%0; McCleskey et al., 2022) using the
fractionation factor-temperature equation of
Kele et al. (2015), which was calibrated for
temperatures up to 90 °C. The maximum tem-
perature a travertine can precipitate subaerially
is 92 °C, which is the boiling temperature of
pure water at the local elevation. Travertine
formed from water with 680, = —18.2%0 at
this temperature has an equilibrium 880,40 pate
of 0.40%o. This value is too high to account
for the lowest 680, ,0nae Values of the late
Pleistocene travertines from Hillside Springs
and some of the oldest travertines near Morn-
ing Glory Pool (Fig. 4C). Furthermore, traver-
tines typically precipitate from waters that are
10-30 °C cooler than the boiling temperature,
further increasing the value of equilibrium
travertine 6'80 .y nae- Other processes in this
system, including reactions between meteoric
waters and subsurface rhyolite (6'%0,qi
6%0; Bindeman and Lowenstern, 2016) and
steam separation at depth, will further increase
the thermal water §'80,,,., to more positive
values (McKenzie and Truesdell, 1977). There-
fore, it is impossible to explain the 80, ponae
of the oldest travertines without requiring much
lower §'80,,,, in the recharge water, to allow
values down to —22%o in discharging paleo-
waters. To illustrate, the calculated 6'80,,,
of paleowaters in equilibrium with measured
8180 ponate Values at a reasonable temperature
range of 70-80 °C requires §'%0,,,, values
between —19.5%0 and —22.2%o for Old Hill-
side (Fig. 4C). If these calculated §'%0,,,,,, val-
ues are plotted on the global meteoric water
line with modern Yellowstone cold surface
waters, the paleowaters that formed traver-
tines at Old Hillside, some of those at Hillside
Springs, and those near Morning Glory Pool
were lower in §’H and §'80 values than any
known modern precipitation source (Rye and
Truesdell, 2007; Fig. 4D). For comparison, all
modern Mammoth Hot Spring travertines have
a 880, onae = 1.88%0-9.61%0, which were
deposited from 28 °C to 73 °C waters that have
180, Values between —16.6%0 and — 18.3%e.
These modern calcite values are comparable to
those measured in younger travertines from
North Hillside, Firehole Lake, and Terrace
Spring (Fig. 4A; Friedman, 1970; Chafetz and
Lawrence, 1994; Fouke et al., 2000).

The 8"3C_,ponae Values vary between —0.70%o
at North Hillside travertines to 4.23%o in Morn-
ing Glory Pool travertines, with no consistent
trend with time (Fig. 4). The Yellowstone eco-
system is dominated by C3-type vegetation
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and has been since deglaciation, resulting in
no drastic variations in 6'3C from the transition
from late-glacial tundra to present-day forest.
Consistent travertine 6'*C values through time
and between the different intracaldera traver-
tine deposits indicate that the source of car-
bon to thermal waters was dominated by deep
sources of carbon, not shallow ones, which
likely would have varied isotopically with dif-
ferences in climate, soil respiration, and vegeta-
tion. Most (78%) modern diffuse soil CO, §!*C
values are in the range of Yellowstone fumarole
gases, which are slightly lower than the §!3C
values of most intracaldera travertine (Moran
etal., 2017; Werner and Brantley, 2003; Rahilly
and Fischer, 2021). These data are evidence
that a major source of CO, in thermal waters
is magmatic gas from the deep, long-lived Yel-
lowstone magmatic reservoir, which produces
a dispersed and relatively constant flux across
the Yellowstone Plateau Volcanic Field (Fig. 4;
Moran et al., 2017; Werner and Brantley, 2003;
Rabhilly and Fischer, 2021). It is impossible to
resolve with stable carbon and oxygen isotopes
whether the §'3C_, . Of intracaldera traver-
tines is a result of (1) mixing between this deep
magmatic gas (8'3C = —3%o; 680 = —21%0)
and sedimentary rocks in the subsurface (aver-
age 813C = 0.6%o; 5'80 = 20%0) followed by
kinetic fractionation of carbon isotopes driven
by rapid subaerial CO, degassing or (2) boil-
ing of subsurface fluids followed by kinetic
fractionation with subaerial CO, degassing
(Fig. 4B). We find it likely that the first sce-
nario is more probable given that any signifi-
cant subsurface boiling would have precipitated
calcium carbonate underground and therefore
may not have resulted in surficial travertine
deposits. It should be noted that Mammoth Hot
Spring travertines have higher §'80,,ponae and
3C arbonate Values that trend toward the com-
position of Madison Limestone rocks of Mis-
sissippian age (Fig. 4B; Pierce et al., 1991;
Kharaka et al., 1991) and therefore Mississip-
pian-age seawater values, providing an indica-
tion of greater sedimentary input north of the
caldera than within the caldera (Fig. 4B). The
transition from the vent to pond to distal facies
of Mammoth Hot Springs travertine shows
2.3%o variation in §'3C and 4.6%o variation in
5180 over 6 m because of degassing of isoto-
pically light CO, along the flow path (Fouke
et al., 2000); this observation is consistent with
rapid kinetic isotopic fractionation and surficial
CO, degassing (vertical trend in Fig. 4B).

Travertine Strontium Isotopes: An Indication
of Subsurface Water Flow Path

Thermal water plumbing paths of paleowaters
for each travertine deposit are inferred from the



87Sr/86Sr isotopic ratios of the travertines (Fig. 5).
Water-rock reactions and carbonate precipitation
are understood to not cause strontium isotopic
fractionation, so the isotopic composition of
discharging thermal waters and travertines is a
record of the strontium isotopic composition of
the rock, or at least the most leachable fraction
of the rock, with which the water equilibrated.
The uniform Sr isotopic composition for each
group of travertines from different locations
supports this assumption and indicates that the
plumbing path for each travertine thermal sys-
tem was unique.

The pathway of groundwater discharge that
produced the travertine near Morning Glory
Pool was very different from present-day ther-
mal waters in the Upper Geyser Basin, based on
the much higher Sr/*Sr value of present-day
thermal waters as compared to the travertines
near Morning Glory Pool. Instead of being fed
by the main thermal fluid flowing upward in the
Upper Geyser Basin, which likely equilibrated
with the underlying Biscuit Basin rhyolite
flows (Fig. 5A), thermal waters responsible for
the travertine near Morning Glory Pool likely
equilibrated with the Lava Creek Tuff (Fig. 5B),
known to be cryptically and heterogeneously
present in the shallow subsurface in uplifted fault
blocks (Keith and Muffler, 1978), rather than the
nearby Mallard Lake flow with lower 8Sr/%Sr.
Terrace Spring ¥Sr/Sr isotope ratios are also
consistent with a flow path through the Lava
Creek Tuff, which is unsurprising given that
this spring discharges from the base of a cliff of
Lava Creek Tuff on the caldera ring fault (Wal-
drop and Pierce, 1975). The other travertines
are similar in strontium isotopic composition
to rhyolite flows of the Central Plateau Member
of the Plateau Formation or the Mallard Lake
flow of the Upper Basin Member of the Plateau
Formation, indicating flow paths through these
units, likely in the highly permeable autobrec-
ciated contact zones between flows (Finn et al.,
2022). Equilibration of thermal fluids with the
more reactive glass may have resulted in thermal
water 87Sr/86Sr isotopic ratios that were slightly
lower than the whole rock because the glasses
of some rhyolite flows are slightly more primi-
tive than their crystal cargo from the injection
of more mafic magma shortly prior to eruption
(Loewen et al., 2017).

Travertine Deposition Timing: Climatic
and Tectonic Connections

Late Pleistocene (14.5-10 ka): Deglaciation
and the Younger Dryas

The initial postglacial deposition of traver-
tine at Hillside Springs occurred from 13.9 ka
to 13.5 ka and closely postdated cosmogenic
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exposure ages of late Pinedale glaciation reces-
sional moraines located both north and south of
the geyser basins (Fig. 7B; Licciardi and Pierce,
2018). Because ice recession likely occurred
from west to east over the Upper and Lower
Geyser Basins, the lack of travertine dating to
13.9-13.5 ka on the eastern side of the basins
may indicate that they were still covered by ice,
that there was active glacial outwash at this time
that prevented or buried travertine deposits, or
that deposits of this age are no longer exposed.
At Hillside Springs, travertine deposition ceased
after ~500 years, suggesting that the effects of
glacial meltwater infiltration were short-lived,
or surficial conditions prevented travertine
deposition and/or preservation between 13.5 ka
and 12.2 ka.

Based on the current sampling resolution,
more voluminous deposition of travertine com-
menced at 12.2 4 0.2 ka at Hillside Springs, rep-
resenting an episode that appears to have com-
menced 700 years into the Younger Dryas cold
event (ca. 12.9-11.7 ka; Cheng et al., 2020) and
continued until 9.5 ka (Fig. 3). Travertine ages
do not align with the beginning of the Younger
Dryas, which suggests that: (1) the Yellowstone
hydrothermal system response lagged behind a
climate trigger by hundreds of years, (2) cooling
was not strongly registered in this region before
12.2 ka, or (3) the early part of the Younger
Dryas was cool but not sufficiently wet. It is
also possible that the Yellowstone hydrothermal
system has a significant buffering capacity (via
the precipitation and dissolution of subsurface
calcite) and requires sustained high inputs of
meteoric water to impact thermal water chemis-
try. All travertine deposits investigated here are
located near the edges of geyser basins. Their
location suggests that chemical transformations
of discharging groundwater were confined to the
edges of geyser basins, where mixing between
cool meteoric water—fed aquifers and upwell-
ing basin thermal waters was greatest (e.g., Finn
et al., 2022) and where the maximum tempera-
tures of recharge waters heated in the subsurface
would be lowest.

The climate and environment of the Yel-
lowstone region during the Younger Dryas
cold period are poorly known. Some, but not
all, cirque glaciers in the Wind River Moun-
tains (Gosse et al., 1995; Dahms et al., 2018),
Beartooth Mountains (Barth et al., 2022), and
across the western United States (Marcott et al.,
2019) experienced readvances or standstills dur-
ing this time. A standstill moraine at Emerald
Lake in the Beartooth uplift, for example, has a
low aspect ratio, suggesting a short-lived, minor
climate excursion or period of low sediment
deposition during a pause in glacial retreat (Barth
et al., 2022). Similarly, the youngest exposure
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age for moraines in the Tetons is attributed to
a minor glacial standstill during early Younger
Dryas time (Lake Solitude, Fig. 7B; Licciardi
and Pierce, 2018). In most cases, regional gla-
ciers did not experience significant advances
during Younger Dryas time.

Younger Dryas cooling is also not clearly
recorded in pollen records from the Yellow-
stone region, possibly because: (1) the pollen
sampling interval lacks the resolution to cap-
ture a short-lived event, (2) the region did not
experience significant climate change, or (3) the
subalpine mixed-conifer forest at the time was
relatively insensitive to cool conditions (Whit-
lock et al., 2008, 2012; Krause and Whitlock,
2013). Blacktail Pond, located in northern Yel-
lowstone National Park, shows low §'0 values
in authigenic carbonates that indicate less lake-
water evaporation along with pollen indicative
of treeless vegetation during the Younger Dryas
(Krause and Whitlock, 2013).

The initial deglacial landscape of the central
Yellowstone Plateau was choked with till, out-
wash, and loess. As the climate warmed after
13 ka, different conifers started to move into
the Yellowstone region and become established.
One of the early species, Engelmann spruce
(Picea engelmannii), colonized between 13 ka
and 11.5 ka at all elevations and apparently at
the same time as formation of travertine at Hill-
side Springs and near Morning Glory (Fig. 7C;
Krause and Whitlock, 2017). Soil development
and related weathering of sediments were likely
important factors for both early forest estab-
lishment and travertine formation, reflecting a
lag of centuries between deglaciation and suf-
ficient weathering to establish soils and increase
the total dissolved solids in infiltrating mete-
oric waters.

Early to Mid-Holocene (11-5 ka)

Travertine deposition continued until 11.1 ka
at Hillside Springs and from ca. 11.7 ka to 9.5
ka near Morning Glory Pool before hydrother-
mal systems transitioned back to silica sinter
deposition because of the warmer, drier sum-
mer conditions of the early to middle Holocene
(Whitlock, 1993; Larsen et al., 2020; Chellman
et al., 2021; Schiller et al., 2022). These climatic
changes are attributed to the amplification of the
seasonal cycle of insolation (Fig. 7A; Bartlein
et al., 1998). Travertine deposition seems to
have ceased concurrently with climatic drying
at Hillside Springs (at 11.1 ka), whereas traver-
tine deposition near Morning Glory Pool did not
stop until ca. 9.5 ka, possibly because its ther-
mal waters were supported by a larger source of
calcium and magnesium from recharge through
thicker deposits of Pinedale till on the east side
of Upper Geyser Basin than the west. It is also
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noteworthy that Minnetonka Cave, located in
the Wasatch Mountains in southeastern Idaho,
also ceased depositing speleothem calcite at ca.
9.5 ka (Lundeen et al., 2013), coincident with
cessation of travertine deposition near Morning
Glory Pool.

Strong support for warm, dry conditions
near the geyser basins comes from §'80 data
determined from fossil diatoms preserved in
Yellowstone Lake cores, which indicate high
lake-water evaporation from 9.9 ka (the begin-
ning of the record) to 7.5 ka (Fig. 7E; Brown
et al., 2021). Pollen records from the central and
southern Yellowstone region show an expansion
of lodgepole pine (Pinus contorta) and notable
increases in Douglas fir (Pseudotsuga menziesii)
and aspen (Populus tremuloides) between 10 ka
and 5 ka, and a charcoal record from the central
Yellowstone region indicates higher fire activity
in the early and middle Holocene than at present
(Whitlock, 1993). Lake levels were also lower
than present from 11.3 ka to 5.7 ka and espe-
cially from 9.3 ka to 5.7 ka in the Yellowstone
region and throughout the Rocky Mountains
(Fig. 7D; Shuman and Serravezza, 2017; Whit-
lock et al., 2012; Krause and Whitlock, 2013).

Late Holocene (5 ka—Present)

After ca. 6 ka, decreased summer insolation
resulted in cooler, wetter conditions than before,
leading to an ecological transformation from
open forest to closed forest and from small fre-
quent to large infrequent fires in the central Yel-
lowstone region (Fig. 7F; Whitlock, 1993; Schil-
ler et al., 2022). Several paleoclimate proxies
indicate cooler and wetter conditions during this
interval than before ca. 6 ka. The 6'%0 data from
Yellowstone Lake fossil diatoms register sev-
eral cool events from 5.5 ka to 4.5 ka (Fig. 7E;
Brown et al., 2021). Other indications of wet
conditions starting around 5 ka include cessation
of the Minnetonka Cave speleothem, increased
rates of travertine deposition in the Salt Lake
graben, increases in §'%0 values recorded from
the Beartooth ice patch, which indicate warmer
winter temperature and greater snowpack than
before, and the rise of Rocky Mountain lake
levels, which is consistent with more snowpack
and/or less evaporation (Lundeen et al., 2013;
Kampman et al., 2012; Shuman and Marsicek,
2016; Chellman et al., 2021; Fig. 7). Deposi-
tion of travertine at North Hillside started at
5.2 + 0.04 ka and lasted ~1340 years, coincid-
ing with this wetter regional climate.

Firehole Lake travertine deposition occurred
between 3.8 ka and 3.0 ka, and its onset may have
been caused by hydrothermal system reorganiza-
tion or a continuation of late Holocene wet condi-
tions. It is also important to note that the exposed
Firehole Lake travertine may only be the top of a

thicker deposit, as is suggested by the presence of
travertine between 8 m and 10 m depth in the Y-2
research drill core located less than 50 m west
of the sampled surficial deposit (Fig. 1B; Bargar
and Beeson, 1981). Regardless of the presence
of older travertines, ca. 3.8 ka coincides with
cessation of deposition of the Minnetonka Cave
speleothem due to cool, wet conditions, greatly
increased ice accretion in the Beartooth ice patch
due to cooler conditions with continued high pre-
cipitation, a modest decrease in lake levels in the
region, and the highest deposition rates in the Salt
Lake graben record (Lundeen et al., 2013; Kamp-
man et al., 2012; Shuman and Marsicek, 2016;
Chellman et al., 2021; Fig. 7).

Geochemical, pollen, and diatom records
from nearby Goose Lake in Lower Geyser Basin
(Schiller et al., 2022) show a sharp decline in
arsenic concentrations and cooler water condi-
tions at 3.8 ka, which are interpreted as evidence
of thermal water ceasing to flow into Goose
Lake. This shift in hydrothermal activity coin-
cided with the opening of the forest and less
fire activity in the Lower Geyser Basin and the
deposition of Firehole Lake travertine (Fig. 7G;
Schiller et al., 2022). The coincidence of traver-
tine deposition at Firehole Lake with hydrother-
mal changes at Goose Lake suggests a possible
seismic event that reorganized the hydrothermal
plumbing system of the Lower Geyser Basin,
which could have released a pulse of accumu-
lated CO, (Uysal et al., 2009). Alternatively, the
unexposed Firehole Lake travertines may have
started forming earlier in time, perhaps dating
to the earlier North Hillside event at 5.2 ka and
cool conditions.

After ca. 3.0 ka, lower 680, values from
Yellowstone Lake indicate less evaporative
effect, implying cooler summers and coinciding
with the end of Firehole Lake travertine depo-
sition at 3.0 & 0.07 ka (Fig. 7E; Brown et al.,
2021). A period of neoglacial advances started in
the Teton Mountains at 4 ka and ended at ca. 2.5
ka, after which increases in sedimentation rate
indicate lower precipitation conditions (Larsen
et al., 2020). Concurrently, a decrease in net ice-
accretion rate in the Beartooth ice patch after 2
ka indicates warming, as does the increase in
ice-patch §'80,, values; increases in 880, onate
at Crevice Lake were likely related to less snow-
pack; and decreases in Salt Lake graben traver-
tine deposition rates imply warming conditions
(Chellman et al., 2021; Whitlock et al., 2012;
Kampman et al., 2012; Fig. 7).

Values of 6'30 in the Yellowstone Lake dia-
tom record were slightly higher from ca. 2 ka
to 1 ka, indicating periods of more lake-water
evaporation during the Roman Warm Period
(2.2-1.55 ka) and Medieval Climate Anomaly
(1.2-0.7 ka; Brown et al., 2021). This period
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also includes deposition of the Terrace Spring
travertine, which is a thinly exposed veneer
constrained to 1.26—1.06 £ 0.01 ka. This period
was associated with drought and widespread
aridity in western North America, representing
unlikely conditions for travertine formation.
However, the deposit is roughly coincident with
a large earthquake on the ~25-km-long Eagle
Bay fault zone in Yellowstone Lake, where dis-
placements of 1 m are evident in lake bottom
sediments. The age of this large earthquake is
inferred to be ca. 1.5 ka (Morgan et al., 2023),
and substantial shaking on the Yellowstone Pla-
teau could have fractured a pathway for trapped
CO, gas to escape to the surface, especially in
preexisting fault zones. Springs with mantle-
derived helium isotopic compositions are typi-
cally associated with deep faults that serve as
conduits for high CO, fluxes and may assist with
saturating thermal waters with calcite at the sur-
face (e.g., Uysal et al., 2009). Terrace Spring has
among the highest helium isotope compositions
observed in Yellowstone National Park (R/R, ~
7.9; Lowenstern et al., 2005) along with excep-
tionally high CO, concentrations. Furthermore,
Terrace Spring is located at the intersection of
the caldera rim and major north-south—trend-
ing faults (Bergfeld et al., 2014). These major
structural features likely act as high-permeability
pathways for fluids and volatiles when major
seismic events rupture hydrothermally sealed
systems (Uysal et al., 2009).

The Terrace Spring deposit is interpreted to
have precipitated as a result of a short-lived, seis-
mically induced release of CO, that led to trav-
ertine deposition without substantial changes to
thermal water chemistry, as indicated by the fact
that the 87Sr/3Sr isotopic ratio of the travertine is
in equilibrium with modern-day Terrace Spring
waters (Fig. 6). The absence of other intracal-
dera travertine deposits at this time suggests that
thermal waters in most areas of the Upper and
Lower Geyser Basins did not have enough avail-
able calcium for travertine formation, regardless
of any seismically induced pulses of CO, release.
Although intracaldera travertine deposition may
have been supported by CO, leakage from seismic
activity in the past (e.g., Terrace Spring), the main
driving force behind travertine deposition was
likely the influx of large volumes of cold meteoric
water that decreased the temperature of water-
rock reactions and increased the rate of chemical
weathering of surficial sediments, as shown by the
correspondence between the timing of travertine
deposition and wet climatic conditions.

Travertine Deposit Volume and CO, Flux

The pulsed timing of intracaldera hydrother-
mal travertine deposition that corresponds with
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TABLE 1. CO, FLUX CALCULATED FROM YELLOWSTONE NATIONAL PARK INTRACALDERA TRAVERTINE VOLUME

Location Surface area of Estimated thickness of Minimum age Maximum Volume CO,* CO, flux CO, flux
travertine outcrop deposit (ka) age (m3) (metric tons) (tons/yr) (tons/d)
(m?) (m) (ka)
Hillside Springs 138,797 4 1.1 13.9 55 x 105 5.8 x 105 2.1 x 102 0.6
N. Hillside Spring 310 3 3.9 5.2 78 x 102 8.0 x 102 1 0.0
Morning Glory 1973 1 9.5 1.7 1.9 x 108 2.0 x 108 1 0.0
Firehole Lake 24,710 3 3.0 3.8 75 x 103 78 x 108 10 0.0
Terrace Spring 298,110 1 1.1 1.2 1.5 x 105 1.5 x 105 1.5 x 108 4.2t
TOTAL 463,900 1 — — 71 x 105 74 x 105 1.8 x 108 5

*We assumed the density of calcite is 2.7 g/cm?, travertine porosity is 10%, and the mineralogy is 97% CaCO; for a bulk density of 2.43 g/cm3. The flux of CO, was
calculated according to the equation moles¢y = molesCac03 =(V x pp x fCaCOS)/M, where V is volume, p, is the bulk density, f is the fraction of CaCO; in travertine, and

M is the molar mass of CaCO, (Mancini et al.z, 2019).

tThe age of this deposit is not well constrained, and this value therefore has a high level of uncertainty. If the deposit formed over a greater time span, then the

calculated flux would be smaller.

wet climate indicates that the flux of CO, within
the Yellowstone caldera was relatively constant
in postglacial time and that there was not a large,
ephemeral release of CO, associated with degla-
ciation. Furthermore, the small volume of the
travertine deposits within the caldera implies a
limited spatial and temporal CO, flux (Table 1).
To examine if an episodic large release of CO,
could have triggered travertine deposition, we
first calculated the total volume of intracaldera
travertine deposits. Assuming a travertine bulk
density of 2.43 g/cm? and a rough travertine vol-
ume based on mapped exposures and estimated
thickness, the total amount of travertine in the
Upper and Lower Geyser Basins is 0.0007 km?.
This amount, when converted from calcite into
CO, according to Equation 1 and following the
method of Mancini et al. (2019), converts to
~740 metric kilotons CO,, equivalent to only
approximately 1 month’s worth of CO, derived
from depth at the total current diffuse emission
rate for all of the Yellowstone Plateau Volcanic
Field (24 £ 12 kilotons CO, per day; Rahilly
and Fischer, 2021). Inasmuch as the amount
of CO, represented by the volume of travertine
deposits studied here is spread out over time and
space, the amount is even more negligible com-
pared with the present-day flux.

Although it could be a result of preservation
bias, the apparently smaller volume of North
Hillside and Firehole Lake travertines suggests
that late Holocene wet periods were either less
extreme and shorter than earlier episodes and/
or that the supply of fresh reactive sediments
was much less than that available in the mil-
lennia following deglaciation. Regional climate
proxies, especially Yellowstone Lake 880 4,0
indicate that regional climate from ca. 6 ka to
4 ka was highly variable with more frequent,
short-duration fluctuations between wet and dry
conditions (Fig. 7E; Brown et al., 2021). This
provides evidence that smaller late Holocene
travertine deposits may indeed have been a result
of shorter and less extreme climate events.

The absence of appreciable subsurface trav-
ertine deposits in research drill cores from the

Upper and Lower Geyser Basins suggests that
large, buried travertine deposits on the scale
observed at Mammoth Hot Springs do not exist
underneath the present-day silica-sinter deposits.
Hydrothermal travertine may have been depos-
ited during or prior to the last glaciation and
during major magmatic shallow intrusions or
eruptions; however, any evidence of such depos-
its has been obliterated by recent large rhyolite
flows (at 162 ka, 111 ka, and 70 ka; Christian-
sen, 2001; Stelten et al., 2023) and glaciations at
ca. 160-130 ka and 22-14.5 ka (Licciardi and
Pierce, 2018). Finally, within the Yellowstone
caldera, the volume of travertine is not directly
proportional to the flux of CO, for two reasons.
First, a significant amount of CO, discharge is
likely to occur through fumaroles and thermal
features directly outgassing large amounts of
CO, that have separated from deeper thermal
fluids. Second, the occurrence and rate of trav-
ertine deposition are not 1 mol CaCO; deposited
to 1 mol of CO, degassed because this system is
not CO, limited; instead, it is typically limited
by low calcium concentrations. Therefore, the
calculated CO, fluxes based on volumes of intra-
caldera travertine are minimum estimates. Nev-
ertheless, the very small volumes of postglacial-
age travertine within the Yellowstone caldera
do not suggest that there was a large postglacial
surge in CO,.

CONCLUSION

New 2Th-U ages show that rare traver-
tine deposits within the Yellowstone caldera
formed during three episodes that correspond
with known wet climate periods. Travertine
deposition during wet climate was the result
of increased amounts of meteoric water input
into the shallow hydrothermal system, which
decreased reservoir water temperatures and
subsurface boiling while increasing the reactiv-
ity of thermal fluids with rock. These changes
to the hydrothermal system were buffered by
the dissolution and precipitation of calcite deep
within the system, so calcium carbonate satura-
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tion upon discharge only occurred where hydro-
thermal waters were coolest around the edges of
main thermal basins and only for short periods
(centuries to a few millennia). The small vol-
ume of these deposits, especially the vanish-
ingly small amount of travertine with ages that
closely postdate Pinedale glaciation, suggests
no significant or sustained surge in CO, dur-
ing the early postglacial period; instead, late
Pleistocene and early Holocene travertine was
primarily a result of an increased supply of cal-
cium and magnesium associated with high rates
of chemical weathering of fresh glacial deposits.
Late Holocene travertine deposition was cata-
lyzed by the same mechanism; that is, sustained
periods of increased precipitation facilitated
increased weathering and infiltration of labile
elements, along with decreasing the tempera-
ture of water-rock interactions in the periphery
of the hydrothermal system. The small volume
of these deposits is consistent with the fact that
late Holocene wet periods were less extreme and
shorter than earlier episodes. Hydrothermal trav-
ertine deposited within the Yellowstone caldera
is a unique indicator of paleoclimatic, seismic,
and hydrochemical variations over geologic time
and provides insight into the evolution of one
of the largest and most dynamic hydrothermal
systems in the world.
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