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ABSTRACT: Petrographic and geochemical analyses of travertine-de-
positing hot springs at Angel Terrace, Mammoth Hot Springs, Yellow-
stone National Park, have been used to define five depositional facies
along the spring drainage system. Spring waters are expelled in the
vent facies at 71 to 73°C and precipitate mounded travertine composed
of aragonite needle botryoids. The apron and channel facies (43-72°C)
is floored by hollow tubes composed of aragonite needle botryoids that
encrust sulfide-oxidizing Aquificales bacteria. The travertine of the
pond facies (30-62°C) varies in composition from aragonite needle
shrubs formed at higher temperatures to ridged networks of calcite
and aragonite at lower temperatures. Calcite “ice sheets”, calcified
bubbles, and aggregates of aragonite needles (“fuzzy dumbbells”) pre-
cipitate at the air—water interface and settle to pond floors. The prox-
imal-slope facies (28-54°C), which forms the margins of terracette
pools, is composed of arcuate aragonite needle shrubs that create small
microterracettes on the steep slope face. Finally, the distal-slope facies
(28=30°C) is composed of calcite spherules and calcite “feather” crys-
tals.

Despite the presence of abundant microbial mat communities and
their observed role in providing substrates for mineralization, the com-
positions of spring-water and travertine predominantly reflect abiotic
physical and chemical processes. Vigorous CO, degassing causes a +2
unit increase in spring water pH, as well as Rayleigh-type covariations
between the concentration of dissolved inorganic carbon and corre-
sponding 8'3C. Travertine 6°C and "0 are nearly equivalent to
aragonite and calcite equilibrium values calculated from spring water
in the higher-temperature (—50-73°C) depositional facies. Conversely,
travertine precipitating in the lower-temperature (<—50°C) deposi-
tional facies exhibits 6'*C and 60 values that are as much as 4%o
less than predicted equilibrium values. This isotopic shift may record
microbial respiration as well as downstream transport of travertine
crystals. Despite the production of H,S and the abundance of sulfide-
oxidizing microbes, preliminary ;.S data do not uniquely define the
microbial metabolic pathways present in the spring system. This sug-
gests that the high extent of CO, degassing and large open-system
solute reservoir in these thermal systems overwhelm biological controls
on travertine crystal chemistry.

INTRODUCTION

The term “travertine”, in its broadest sense, refers to all nonmarine
carbonate precipitates formed in or near terrestrial springs, rivers, lakes,
and caves (Sanders and Friedman 1967). Informal subdivisions include hot
spring travertine (precipitates from high-temperature springs, also called
carbonate sinters), tufa (precipitates from low-temperature springs, lakes,
and waterfalls), and speleothems (precipitates from waters in low- to high-
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temperature subterranean caves or fracture systems (Pentecost 1995d; Ford
and Pedley 1996). Minerals constituting these various types of travertine
have crystal fabrics and compositions that are a sensitive environmental
record of water chemistry, hydrologic transport, climate, and microbial pop-
ulations. Travertine-related carbonates are therefore important data repos-
itories for paleoenvironmental reconstructions. Examples include analyses
of (1) speleothems lining the open fault zone of Devils Hole, Nevada, that
have permitted the first high-resolution correlation of terrestrial and marine
paleoclimatic histories (Winograd et al. 1988, 1992; Ludwig et al. 1992;
Coplen et al. 1994); (2) speleothems associated with archeological studies
that create benchmarks for age determinations and paleoclimatic recon-
structions (e.g., Bar-Yosef and Kra 1994; Schwarcz et al. 1980; Schwarcz
1997; Bischoff et al. 1994);and (3) lacustrine tufa that gauges ancient lake
level and paleoclimates in the Great Basin (Benson 1994; Benson et al.
1996)

The amplification, cloning, and sequencing of 16S rRNA genes in living
microbes (Woese 1987; Stetter 1996; Pace 1997; Barns and Nierzwicki-
Bauer 1997) suggests that the earliest common ancestor of life on earth
was a high-temperature microbial organism. As a result, hot spring deposits
have been identified as important targets in the search for ancient life on
earth and other planets (Walter and Des Marais 1993; Farmer and Des
Marais 1994a). Recent interest in hot spring travertine has been accelerated
by suggestions that biogenic minerals and microfossils occur in Fe-rich
carbonates of the Martian meteorite ALH84001, which are of possible hy-
drothermal origin (McKay et al. 1996). However, the potential use of trav-
ertine in reconstructing the early Earth biosphere and in the search for
Martian life is hampered by the lack of a systematic process model for
modern hot spring travertine deposition. The need for such a model is
highlighted by the fundamental controversies surrounding the interpretation
of water temperatures and potential microbial fabrics from carponates in
the ALH84001 meteorite (among others, McKay et al. 1996; McSween
1997; Valley et al. 1997).

This paper establishes a systematic facies model for the deposition of
travertine by actively flowing hot springs at Angel Terrace, Mammoth Hot
Springs, Yellowstone National Park. Travertine forms where subsurface
waters erupt from the ground, cool, degas, and rapidly precipitate carbonate
minerals with a variety of crystal morphologies and chemical compositions.
Coupled water and travertine samples have been collected along spring
discharge flow paths, petrographically described, and characterized with
respect to their elemental and isotopic compositions. The resulting data
have then been synthesized into a preliminary depositional facies model.
The observed facies successions are used to track the aqueous—solid geo-
chemical evolution of the spring system and directly link crystalline trav-
ertine fabrics with inorganic and organic controls on carbonate precipita-
tion.

LOCATION AND GEOLOGICAL SETTING

Mammoth Hot Springs, near the northern boundary of Yellowstone Na-
tional Park, Wyoming, U.S.A. (Fig. 1), is one of the world’s largest sites
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of active travenine accumulation. The travertine deposits of Mammoth Hot
Springs are approxitnatcly &0(t) years old (Sturchio et al. 19492, 1994), 73
m in thickness, and cover more than 4 km* (Allen and Day 1935: White
etal, 1975; Bargar 1978).Discharge from the entire Mammoth Hot Springs
complex totals 590 Vs, uf which 0% erupts from the travertine terraces
and 90% flows directly into the Gurdiner River (Sorey 1991: Sorey and
Colvard 1997). Regional groundwalers are heated by near-surface magma
chambers and flow upward along the Mammoth and Swan Lake faults
(Sorey 1991). The springs expel Ca-Na-HCO,-50, type hot waters with
geochemically estimated subsurface reservoir temperatures of 100°C (Khar-
aka et al. 1991; Sorey and Colvard 1997).The thermal spring waters carry
dissolved solutes derived from water—rock interactinn with subsurface Pa-
lenzoie sedimentary rocks and are possibly mixcd with waters derived from
the Norris Geyser Basin (Sorey 1991; Sorey and Colvard 1997).
Travertine forms terraced and fissure ridge deposits. of which the terraces
are the volummelrically dominant morphology at Mammoth Hot Springs
(Bargar 1978). Angel Terrace, the site of the present study, is pan of the
New Highland Terrace area. which comprises the southwestern part of the
Mammoth Hot Springs complex (Figs. 1, 2; Peale 1883; Allen and Day
1935; Bargar 1978). Angel Terrace contains several small springs that are
actively expeiling water: the southwesternmost of thrsc is herein named
Spring AT-I. The hydrologic system is dynamic, with multiple vents ap-
pearing, sealing, and rcopening on Angel Terrace at a frequency of months
to tens of years (Friedman 1970;Bargar 1978; Surcy and Colvard 1997).

PREVIOUS STUDIES

The geology and geomorphology ¢ Mammoth Hot Springs has been
described by Allen and Day ¢(1935) and Bargar (1978). ""Terraced traver-
tine" accumulations are grouped into three size categories, which include
terraces (tens of square meters), terracettes (a few square meters), and Mk
crotertaceites (a few square centimeters or less). Friedman {1970) analyzed
the isolopic compesitions of spring water and travertine from Main Spring
and New Highland Spring and concluded that cooling and CO, degassing
were the deminant contrels on the carbon and oxygen isotopic composition
of the water and travertine. Chafetz and Lawrence (1994) also presented
data for water and travertine from nearby Narrow Gauge Spring and ob-
served that spring-water isotopic compositions were significantly different
from those ol the precipitated travertine. In 1967 the USGS drilled research
hole Y-10 in New Highland Terrace (White et al. 1975; Sorey 1991).To
date, however, no coupled petrographic and chemical analyses of travertine
fTom the Y-10 core have been published. The most comprehensive analysis
of Mammoth Hut Springs was a USGS study of the Corwin Springs geo-
thermal area (Sorey 1991; Sorey and Colvard 1997). which includcsanal-

Fia, 2.-—Field photographs of Angel Terrace Spring AT-I: A) view of the upper terracette poel, looking northward B) view of IThe proximal-slop and distal-slope
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TasLe |.—Compilation of studies wnalvzing spring-water and associated travertine mineralizaston.
Temp °C
Travertine Traverting Travertine [nterred References
Location Marphology Low High Water Chemistry Chemistry Mineralogy Fubrics Mechanisms {* denotes primury reference(s)
Angel Terrace and New VERLS 280 73.2 pH. TDC Ca, Mg. Mn, Sr, Fe, aragomile betryoids degassing Fouke et al. (this papert*
Highland Terrace, aprous 8%, $1'C Mn, Ka, Ti, S, Ba,  caicie streamers evaporation Fricdman (1970)*
Mammoth Hot Springs,  channels HIG/gp V. P shribs
Yellowstone. Wyoming  poals 50,, 84§ w5rARSr ralt sheets
terraces $0,, 648 bubbies
slopes dumbbells
blocky caleile
Narrow Gauge, Mammoth  fissure 36.6 69.6 pH. alkalinity &0, 8''C aragonite shrubs evaporation Chafeiz and Lawrence (1594)*
Hot Springs. Yetlow- ridge 81, #15C calite bubibles degassing
stone, Wyoming crusts
Sardinia, lialy channel 130 &0 pH, afkalinity Ca. Mp, Na, K caleie pisoids degassing Cabni et al. (1941}
waterlail conductivity Ba, Sr. Ma, Fe dolomite stromatolies microbial Buoceino el al. (1987
Ca, Mg, Na. K Li. CILE §i. Al quarlz
Ba, S, Mn, Fe 50, PO, clay
Li, CILE 5i, Al
S0, PO, Fe-oxide
Viterbe, Taly venl 34.0 61.0 pH, alkalinity 10, ¢ aragonite shruhs EVAPOrALicH: Chafetz and Lawrence (1994)*
La Zitelle Springs channel B0, §YC Cu. Mg caloie spherulites degassing Folk {19943
Bagnactio Springs wrusts Ganfiantini et al. {1968)*
Peatecust ( [99%a, 1995
Hol Tub Spring, Bridge- channe! 1.0 30 pH, alkalinity Si0, siderile degassing Amundson and Kelly (19§7)*
port, California Ca, Mg, Na, K Fe aragonile photosynthesis Barnes (1965)
Coasl Range 0, CILF Mn dragnesis Barnes and ©'Neil {1971
%0, &'C oganic € Chesterman and Kleinhamp (1991)
310, §1C Chafetz and Lawrence {1994)*
Valley md Ridge, Virgine  waterfall 18.5 38.Q pH. alkalinity mixing Herman and Lorah (1987, 19RRY*
conductivity degassing Herman (1994}
Ca, My, Na, K
$O,.CILLF
Muschelkaik, Germany channel 95 14.0 pH. alkulinity &0, & caleile derassing Usdowski et al. (1979)*
walerfall conductivity precipitalion Dandurand ¢t al. {1982)
Ca. My, Na, K Michaglis el ab. (1985}
S0,.CLF Dreybrodt et af {1929}
60, §1°C
Durango, Colorado mound 2312 54 pH, alkalinity 30, 8''C araguiile bubbles micrebial Chafelz et al. {1991a)*
Rocky Mountaing channel conductivily caleite rafis degassing Chaferz und Lawrence (1994)*
Ca, Mg, Mn '
Fe. 50 K, Na
50, ¢
&%, 51'C
Pagosa Springs, Colorado  mound 28.7 §38 pH. alkalinity &0, 51C aragonite bacterial Chafetz and Lawrence (1994)*
Rucky Muunlaing &%, 3U'C
Honey and Fulis Creeks walerfail 116 194 pH, alkalinity 80, §1°%C calcite mictitic crusls microbizl Chafelz et al. {1991h1*
Oklahoma JG, S0 bushes, shrubs degassing Love and Chaterz 1 1988, 1990}
Arbuckle Mountains columnar diagenesis Chafetz and Lawrence (1954)*
Lake Bogoriu, Kenya vents 69.0 990 pH. afkadinity &0, 6'C calvite hatryoids Lemperalure Renaut and Jones (1996)*
pools Ca. My aragoniie demdrites degassing Jenes and Repaut ( 1996a, 1996b)
K. Na. Li. E 1 oxides diagenesis
50,. 8L Si0, dolumiie microbial -
A0, A

yses of travenine and spring water from New Highland Terrace (Kharaka
et al. 1991; Sturchie 1990; Sturchio et al. 1992). Uranium-series age de-
termunations from this work indicate that deposition of the travertine de-
posits in nearby Gardiner, Montana (Fig. I), was interrupted and that the
deposits were partially eroded by glacial advances during the late Pleisto-
cene {Pierce ct al. 1991; Sturchio et al. 1994).

Angel Terrace hot springs have also been used to study the influence of
microbial communities on the precipitation of laminated (stromatolitic)
travertine fabrics (Farmer and Der Marais 1994b). This work identified the
following general relationships along the spnng outflow channels. Above
74°C, cyanohacteria are excluded because of thermal intolerance. and only
biofilms of hyperthermophilic archaehacteriaand bucteria persist. Between
approximately 70 to 74°C, carbonate precipitation occurs as radial growths
of microfibrous aragonite encrusting fitamentous suifide-oxidizing bacteria.
This bacterium was previously identified as Thermothrix (Brock 1978) but
is now interpreted as belonging 1o the Aquificales group (A.L. Reysenbach,
personal communication). Al lemperatures below ~55°C, microbial mats

form that consist of a diverse association of photosynthetic cyanohacteria
(Farmer and Des Marais 1994b).

Several studies have analyzed hoth aqueous and solid-phase components
of terrestrial groundwater springs {Table lj. Results indicate that the pri-
mary controls on travertine precipitation are a complex interplay of water
chemistry (e.g., pH, HCO,. pCO,, elemental abundance, and resultant sat-
uration state). physical processes (e.g., temperature change, degassing, boil-
ing. steaming. evaporation, and dilution), hydrology {e.g., flow rates and
surface area). and biotic activities (e.g., photosynthesis and respiration).
Small diurnal differences in isotopic (8'*C and &§'*0) composition have
been ohserved in spring waters (Amundson and Kelly 1987; Chaferz et al.
1991a; Chafctz et al. b: Pentecost 1995b). Travertine precipitated from
modern hot springs is composed of aragonite and solid solutions of low-
Mg to high-Mg calcite (Barnes and O'Neil 1971). These metastable min-
eralogical compositions make travertine susceptible to extensive diagenesis,
and it is presumed that these alierations begin soon after deposition (Cip-
riani et al. 1977; Chafetz and Folk 1984; Folk et al. 1985; Love and Chafetz
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-
1988, 1990; Guo et al. 1996). Isotopic equilibrium between travertine and METHODS

the spring water from which it precipitates is often not attained in subaerial
hot springs because of kinetic effects assoctated with CO, degassing and
high rates of precipitation {Usdowski et al. 1979}, CO, degassing causes
supersaturation with respect to cacbouates, an effect that is further enhanced
by generally high Ca concentrations (Usdowski et al. 1979). Degassing and
precipitation take place simultaneously, with the rate of precipitation ac-
celerating with the cumulative extent of degassing (Dreybrodi et al. 1992).

Despite the work highlighted above, the classification and interpretation
of hot spring travertine remains controversial and fundamentally unre-
solved. One reason for this is the extreme spatial and temporal variability
in the mineralogy and geochemistry of these deposits (Usdowski et al.
1979; Amundson and Kelly 1987; Jones et al. 1998; Chafetz et al. 1998).
Existing schemes group travertine according to the origin of their CO,
(Pentecost and Viles 1994; Pentecost 1995d) and the water temperature at
which they are precipitated (Pedley 1990; Ford and Pedley 1996). However,
these classification schemes do not directly correlate water chemistry with
changes in the crystallization fabnc and composition of travertine along
the spring drainage systems,

Field sampling of the Angel Terrace spring waters and travertine was
cumpleted from a single sample set collected during daylight on 13 May,
1997. The 1-cm-thick uppermost surface of the travertine and the associated
spring waters were systematically sampled along flow paths running from
the spring vent to the distal parts of Angel Terrace Spring AT-1 (sample
positions are shawn in Figure 3). Travertine was collected with a knife and
spatula and later impregnated with Araldite 506/Sympoxy CA-803 low-
viscosity epoxy under high vacuum for sectioning. Water samples were
fillered using 0.22 g mesh annealed Whatman GFF filters, collected in
triplicate in three-times acid-washed glass bottles, acidified with HCI, filled
to capacity leaving no head space to prevent degassing, and poisoned with
0.1 ml of a saturated solution of HgCl, to prevent biclogical activity. The
samples were then transported and stored in a darkened refrigerated cooler
until anaiysis.

The water samples were analyzed for dissolved inorganic carbon (DIC,
dissolved CO, + CO,~ + H.CO; + HCO,~} and carbon isctopes. Ali-
quots of sample water (3 ml) were transferred by syringe to an evacuated
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TasLe 2.—Crystal fabrics and large-scale morphelogies comprising the Angel Terruce Spring AT-1 travertine depositional facies.

Facies Morphology Busic Components Micron-Scale Fabrics Centimeter- 1o Millimeter-Scale Fabrics
Vet spring orifice aragonite needles (<5100 pm) botyroidal clusters hemispherical mounds (<X em-10 ¢cm)
Apron and primary outflow aragonite needles (=X 100 um} botyroidal clusters streamers (1-5 mm X = 30 e}
Channel coitduits ’
Pond terrace poals aragonile needles {= 100 um) dendritic clusters shrubs (=1 cm)
block calcite (S0-100 pm) fuzzy dumb belis ridged natworks (=2 em}
ice sheets (1-2 mm thick)
calcified bubbles {0.5-3 mm}
Proximal-Siope LeITace Marging aragonite needles {=100 um) dendritic clusters arcuale shrubs (=2 cm)
microterracelles blocky calcite (S0-100 am} fuzzey dumb bells iee sheets (1-2 mm thick)
calcified bubbles (0.5-2 mm)
Distal-Slope laminated crusts blocky calcite (25-100 em) dendrilic cluslers shrubs (=1 cm)

microlermaceles

spherulites (=3 mm)
caicified bubbles {0.3-2 mm}

130 m! Wheaton bottle and acidified with 0.2 ml of '"102%"" phosphoric
acid. The phosphoric acid was prepared by evaporating reagent-grade 85%
phosphoric acid under vacuum until it contained a small concentration of
anhydrous phosphoric acid. This procedure eliminates potential contami-
nants, such as N,O. After the acidified sample equilibrated for 20 min,
gases in the head space of the bottle were drawn into a vacuum line. To
remove water, the gas was drawn through a methanol-dry ice cold trap
(=70°C) and a variable-temperaturc cold trap (Des Marais 1978) held at
—127°C. The CO, was then trapped at —196°C. The CQO, was measured
using a mercurj manometer and then flame sealed in a Pyrex (Coming
Glass Works) tube, 6 i in diameter and 10 ¢ long, for isotopic analysis.
Carbon-isotope measurcmnents were performed using a Nuclide 6-H0RMS
mass spectrometer modified for small-sample analysis (Hayes et zl. 1977).
All isotopic results are reported as per mil values relative to the Peedee
befemnite carbonate standard using the standard delta notation 8*C =
[(Rsmnplu”R\lmldm‘sl) - l.l x }0005 Where R = ”C/IEC ﬂnd Ralnndard =
0.0112372. For the overall procedure, the 95% confidence limits for §'*C
were 0.2.

Polished thin sections were examined with plane-polarized light and un-
der cathodoluminescence un a CITL Cold Cathode Luminoscope operating
at [1 kV and 500 wA. Travertine chips were either carbon- or irtdium-
coated and analyzed on a JEOL JSM 258 SEM operating at 15 kV. Co-
ordinated plane-light. cathodoluminescence, and SEM photomicrograph
mosaics were constructed to serve as guides for microsample drilling to
avoid diagenetically altered portions of the travertine (Popp et al. 1986;
Fouke et al., 1996), The mineralogical composition of each specimen was
determined using X-ray powder diffraction (XRD}. Samples were ground
under acetone. and smear mounts werc prepared. The XRD data were ¢col-
lected on a Rigaku MiniFlex automated powder diffractometer using Cu

Ka radiation (30 kV, 15 mA}, which was calibrated using an external Si
standard. Data were collected over the range of 3 to 65" 26.

Travertine carbon- and oxygen-isotope analyses were measured on the
CO, released during digestion of 20 tv 50 peg uf powdered travertine in
100% phosphoric acid at 50°C on a Finnigan-Mat mass spectrometer. Data
are reported as 8'*C values for CO, gas relative to PDB using the standard
delta notation, and 5'#Q is reported relative to SMOW (Craig 1957). An-
alytical precision was {.1 per mil for oxygen and 0.2 per mil for carbon.
In situ elemental abundances were obtained by electron probe microanal-
ysis {EPMA} on a Camex 50X, operating at 20 kV and 0.0135 pA with a
beam 10 mm in diameter. Estimated precision is expressed as 95% confi-
dence limits and is typically better than 2% for major elements and 4% for
trace elements as calculated from replicate analyses.

Solid-phase sulfate concentrations and corresponding sulfur-isotope val-
ues were determined using 10 g of poadered travertine that were placed
in a N,-purged flask followed by a slowly stirred addition of 80 ml of 6N
deoxygendtrd HCI while bubbling the sclution with N,. After boiling and
cooling, dissolved SO, was retained in the acidic solution and evolved H,S
was flushed from the flask in a stream of N,. The residual insoluble sedi-
ment and the acidic solution were filtered. and the acidic solution was
diluted to 300 ml with double-distilled deionized water (DDI) and then
evaporatively concentrated to 200 mi while keeping the solution below the
boiling pint. Approximatety 20 ml of saturated BaCl, solution was added.
and the solution was evaporatively concentrated to 75 mi. BaSO, precipi-
tated overnight at room temperature was filtered and dried at 65°C. Slow
evaporation of this large volume of solution enhances BaSO; crystal growth
and the efficiency of retention of the precipitate on the filters. It is uncertain
whether the travertine sulfate was substituted into the crystal lattice or
trapped within fluid or solid inclusions. Sulfate yields were deTermined

Tasie 3.—Geochemical composition of Angei Terrace Spring AT-1 water.

Travertine Water Depti Temp Range TDC 6°C %o B8 S SO, 54g Waler Relative
Sample No Sample No Lithofacies em °C °C pH mg/l PDB SMOW 35 Sr me/kg CoT Depth cm Flow rate
97053111 970519 1A vent 3z 7112 71-74 60 197 —0.9 -18.1 071127 518 19.6
970513-2 venl 32 712 6.0 =1-5 high
9705133 vent 2.b 71.0
9705134 970519.24 apron and channel 28 437 69-74 7.5 kL 1.0 -17.7 5n 199 =) high
EZIN R vI0519.34 pond 3.0 622 3-71 5.8 123 04 -17.9 5n 210
970513-6 pond 21 43.7 73
970513-7 pond 3.6 464 69
9105138 pond 14 10.1 79 =5 low
970513-9 pomd 34 30.1 79
97051310 pend 14 60.0 1.4
970513-11 pend 0.5
970513-12 970515 44 proximal-slope . 0.5 54.2 16-65 T4 Ll 16 -18.3 547 Pl
970513-13a 970515.5A proximal-siope 05 28.0 97 30 =171 519 19.1 61 moderate
970513-13b proximal-slope 0.5
970513-14 9709519-6A distal-siope 0.5 302 16-43 8.0 15 46 -11.1 071110 51 206.6 =i low
970513-15 970513 7A distal-siope 0.5 302 84
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Fi. 4—Field photographs of Angel Terrace Spring AT-1: A) vent. apron and channel. and pond facics (arrow shows position of orifice); B) aragonite needle shrubs
flooring the pond facies; C) Caleite “‘icc sheets’ and calcified bubble en the surface of spring-water in the pond facies (feld of view is 10 cm); D) ridged networks in
the pond facies (field of view is 10 ¢m); E) well-developed microterruceties on the steep outer face of the proximal-slepe facies; and Fy broad microterracetles containing

caleificd bubbles and plant material in the distal-slope facies.

gravimetrically and then checked by gas volume during combustion and
cryegenic purification. Reproducibility of gravimetric determinations was
generally +2% of the reported value. Elemental sulfur was extracted from
rock powder by refluxing dichloromethane in a Soxlet apparatus followed
by precipitation of the solubilized elementul sulfur on activaled granular
copper. Yield of elemental sulfur is considered 1o be trace level if the
surface of the granular copper is altered to a metallic blwsh btack but not
completely coated by an opaque black sulfide layer.

Spring water (7.5 mly was diluted to 500 ml with DDI water, which was

concentrated by evaporation at a gentle boil to 200 ml, followed by addition
of 20 ml of BaCl,. Precipitation and recovery of BaSQ, was repeated as
before. A 1:1 mixture of V.0/Si0, was used as the oxidant and added in
a 20:1 weight ratio 10 minimize isotopic shifts during BaSO, combustion
for isotopic analyses. Native copper turnings (triple cicaned with IN HCi
and dicholoromethane) were added te the sample to remove excess oxygen
durtng combustion and prevent formation of SO, gas.

[sotopic analyzes were performed on SO, gas that was obtained by com-
busting the BaSO, at 102.5°C for 20-30 minutes on a vacuum line, with



Fi6. 5.—Sketch of the uppermost surface of
travertine accumulation 11 the pond facies,
illustrating the spatial relationships between
actively flowing spring water. fresh travertine
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collection of the evolved purified gases in a cryogenic trap. Evolved CO,
was removed at — I87°C to —145°C. Evolved SO, was transferred at
—145°C to —95°C to a second cryogenic trap, quantified manometrically,
sealed in 6 mm o.d. borosilicate tubes, and analyzed on a Nuclide 660
mass spectrometer. Precision of isotope analyzcs for replicated samplesand
laboratory standards was (.25%¢. Data are expressed in standard 6**S per
mil notation relative to Canyon Diahlo Troilite {(CDT).

Strontium-isotope ratios of spring water and travertine were measured
on a Finnigan-MAT 261 fixed multicoilector thermal ionization mass spec-
trometer. Ten replicate analyses of NBS SRM 987 yielded a 85r/%6S5r mean
value of (.71025 with a standard deviation for any one analysis of
0.000015. Average in-run precision was *0.000015 for the standard and
£0.000015 for each sample.

COMPOSITION OF THE ANGEL TERRACE SPRING SYSTEM

Angel Terrace Spring AT-1 is composed of a series of shallow-water
environments distributed along drainage How paths running from the spring
orifice to the distal pans of the system. These aqueous environments and
their associated travertine deposits are divisible into five luterally distrab-
uted depositional facies on the basis of water temperature and chemistry.
travertine crystalline fabric. and travertine chemistry (I vent facies, (2)
apron and channel facics. (3) pond facies, {4} proximal-slope facies, and
(5) distal-slope facies (Table 2; Figs. 3, 4). Travertine precipitated in each
of the depositional facies exhibits distinct crystallographic characteristics.

RTREI {191 ) )
hich in control the large-scale morphology and stratigraphy of the
averall travening deposit. g TPRology 18raphy

Theee vertically S2Ked subenvironments are present at any one location
in each facies: (1) the overlying shatlow [I to [5 ¢m water depth] layer of
spring water. (2)the fresh. actively precipitating uppcrmost travertine sur-
face [= I cm depth] with living micrnbial mats, and (3) travenine at depths
greater than 1cm below the upper accretionary surface (Fig. 5). Analyses
in this study have been limited to the spring water and the uppermost |
cm-thick accretionary surface of the travertine to minimize historical var-
iations. Spring vents are self-sealing and migrate laterally over time periods
of several months to years (U.5. Park Service Rungers, personal commu-
nication), leading to frequent lateral shifting of the depositional environ-
ments. Therefore, it is possible that the travenine occurring just below the
uppennost surface of accumulation may not have been precipitated from
the actively flowing spring water. However. preliminary crystallization sub-
strate experiments (stainless steel washers placed in each depositional en-
vironment for approximately 48 hours) suggest average precipitation rates
of at least 30 civyear in the vent, apron and channel, and pond facies and
less than § cmy/year in the distal-slope facies. As a resuit, the uppermost -
cm-thick surface of the travertine could accumulate in &s litlle as 15 to 15
days. These durations are significantly shorter than the time scales of sev-
eral months to years at which vents and outflow paths shift. This suggests
that the uppermost I cm of uniformly crystalline travertine was precipitatcd

traverting,

from the spring waters currently flowing over each site of travertine de-
position.

System Qverview

Spring water emerges from the ground in the vent facies through an
irregularly shaped 5-ctn-diameter orifice (Figs. 3, 4A; Bargar 1978). The
water exhibits a rolling flow as it is expelled hecause of vigorous CO,
outgassing. The strong suifidic odor for which these springs are well known
indicates that H.S gas is also being released. The vent water steams s it
leaves the conduit through mushronm-shaped travertine accumulations that
accrete to the air—water interface (Fig. 4A). Spring waters then flow rapidly
through the gently sloped apron and channel facies (Fig. 3), followed by
deceleration and accumulation in the pan-shaped pond facies. The pond
margins are characterized hv raised rims of travertine up to 10 cm high,
forming terracettes several meters in diameter (Figs. 2A, 3; Bargar 1978).

Angel Terrace Spring AT-1 is composed of upper and lower juxtaposed
terraceties (Fig. 3). Warm spring water from the apron and channel facies
enters the upper pond laterally and mixes with pond water that has begun
to cool (Fig. 3). The lower pond also receives cooler water cascading over
the upper proximal-slope facies (Fig. 3). This mixing of water creates a
36°C range in water temperature in the pond facies (Fig. 3). However, the
time periods over which this is sustained is uncertain. Spring water then
cascades over the steep proximal-slope facies a a pulsating sheet Row.
Small microtetracettes, [ to 3 ¢m in diameter, cover the slope of the prox-
imal-slope fucies (Fig. 4E). Spring water then continues to flow down into
the low-inclination distal-slope facics, where the water velocity slows and
broad microterracettes up to 10 em in diameter are formed (Fig. Z£-

Aqueous Geochemistry

The depth, temperature, pH, and isotopic composition of the water in
each facies are presented in Table 3. Water temperature decreases from
73°C to 28°C along the spring outflow (Fig. 3}. The observed departures
from a smooth thermal gradient with increasing distance from the vent are
caused by the particular How patterns and water depth of each facies (Fig.
3). Spring water pH increases along the How paths from 6.0 at the vent to
8.0 in the dish-slope (Fig. 6A). This is acconipanied by a large (+ 17
mg/) decrease in total dissolved inorganic carbon (DIC; Fig. 6C) and a
simultaneously large increase in &''C from —1 to +5%. PDB (Figs. 6B.
C. 7). Conversely. the water §'%0 exhibits only a small increase from
—18.3to —17.1%: SMOW across the same flow path (Fig. 6D, E). Vari-
ations in dissolved strontium #?Sr/*Sr are extremely small, exhihiling a
downflow increase of only 0.00017 (Fig. 6F). Variations in dissolved sul-
fate (518 to 547 ppm) and its associated &S signature (19.6 to 20.6%e
CDTJ in the spring waters are both relatively invariant from the vent to
distal-slope facies (Fig. 6G, HJ.
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Travertine Fabrics, Mineralogy, and Stratigraphy

The Angel Terrace travertine is composed of three basic crystalline
building blocks: (1) aragonite needles up to 200 pm in length, (2) micro-
crystalline calcite less than 5 pm in diameter, and (3) blocky to prismatic
calcite crystals 30 to 100 um in diameter. These crystals are organized
into a variety of larger-scale crystal growth patterns that change system-
atically along the spring water flow path. Travertine precipitated in the vent
facies is composed of botryoids of acicular aragonite needfes (10 to 104
wm in diameter). The botryeids nucleate on dark elongate microcrystalline
calcite cores that are interpreted as bacterial filaments (Fig. 8A; Farmer
and Des Marais 1994b). The hotryoids encrust each other to form mush-
room-shaped hemispherical mounds (0.5 to 10 cm in diameter) that typi-
cally build to the water-air interface and are periodically exposed to the
atmosphere (Fig. 4A}. Rare patches of blocky calcite crystals (100 pm in
diameter), obscrved in the botryoids (Fig. 8B) represent either primary
precipitates or diagenetic alteration of primary aragonite. The apron and
channel facies is floored by sinuous microbial mats camposed of sulfide-

oxidizing filamentous bacteria (Aquificales group). Aragonite precipitates
on the surface of these bactedal filaments to form carbonate tubes hat
reach a few millimeters in diameter and tens of centimeters in length. The
microbial filaments rapidly degrade, leaving hollow tubes with an inner
thin layer of microcrystalline caleite that is encrusted by large aragonite
needle botryoids (Fig. 8C).

Several different aragonite and calcite travertine fabrics occur in the pond
facies. At the highest temperatures (38-70°C), aragonite needles grow up-
ward from the pond floors in a variety of shrub-like forms that reach 1 cm
in height (Figs. 4B, 8E; Bargar 1978; Pentecost 1990). Lower-temperature
pond floots (43-57°C) are covered with mats of the microbe Spiruiing
(Brock 1978), forming rdged networks of microcrystalline caleite 1 to 2
cm high encrusted with large blocky calcite crystals (Figs. 4D, 8D}. On
the surfaces of both the high and low temperature ponds, calcified bubbles
and 100-pm-thick carbonate *'ice sheets'" precipitate at the air—water in-
terface (Figs. 4C, 9A-D; Alfen and Day 1935; Bargar 1978; Chafetz et al.
[991a). The bubble walls and ice sheets are composed of microcrystalline
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calcite. The bubble inner walls and ice-sheet upper surfaces are smooth
(Fig. 9A-D3. In contrast, the outer bubble walls and lower ice sheet surfaces
act as nucleation sites from which 50 to 10¢ wm blocky calcite crystals
and small {<ZI5 wm) acicular aragonite grow. The aragonite forms bo-
tryoids as well as dumbbell-shaped aggregates composed of parallel needles
that spread at their ends into radiating hundles {*‘fuzzy dumbhell’* of Folk
et al. [985; Folk 1993, 1994; Buczynski and Chafetz 1991; Chafetz and
Buczynski 1992). Some of these fuzzy dumbbells are flat on one side,
suggesting that they grew at the air—water interface. Conversely, others are
three-dimensional rather than flat on one side and may represent precipi-
tation in the water column or on the pond floor. The calcified bubbles and
ice sheets are blown by the wind across the pond water surface, sink, and
accumulate on the pond floor as well as against the inner edge of the pond
rim. Thicker ice sheets form when a pond slowly desiccates after migration
of the spring vent cuts off water inflow (Allen and Day 1935;Bargar 1978).

The proximal-slope facies begins at the top of the pond rim and forms
the high-angle (45 to 85” inclination) outer face of the terracette, creating
buttresses up to 1.5 m in height (Fig. 2A). The proximal-slope travertine
is composed of aragonite needles organized into shrub-like growth struc-
tures that are either linear or concave upward (Fig. &F). These arcuate,
dendritically branching crystal aggregates form the microterracettes on the
outer face of the proximal-slope traverting (Fig. 8; Chafetzand Folk 1984;
Guo and Riding 1992). Travertine precipitating in the distal-slope facies is
composed of two distinct types of crystal growth. The first are detidritic
“feather crystals’’ growing on the fluurs of microterracette ponds (Fig. 4F)
composed of branching stalks of =10 gem blocky to prismatic crystals of
calcite (Fig. YE; Chafctz and Folk 1984; Folk et al. 1985; Guo and Riding
1992). The second consists of irregular spherules up to 0.5 cm in diameter
composed of =50 wm euhedral calcite crystals and clumps of microcrys-
talline calcite (Fig. 9F). Detrital pieces of ice sheets, calcified bubbles, and
furry dumbbells also occur in the proxinial and distal-slope facies, which
have been suspended in the shallow water column and washed downstream
from the pond facies.

The stratigraphic patiemns created during travertine accumulation are ex-
tremely complex because of constant lateral changes in vent position and
hydrologic inflow and outflow along the spring system. However, the twa-
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step terracette morphofogy of the Angel Terrace Spring AT-I travertine
likely represents a comhination of at least two end-member accretionary
models. The first is a downstepping mechanism in which the upper terra-
cette is older. and the lower terracette onlaps the previous deposits of the
proximal-slope and distal-slope facies (Fig. 10A}. If caused by an increase
in spring outflow without change in the location of the vent, this would be
accompanied by lateral progradation of the apron and channel facies over
the previous pond and proximal-slope facies. The second is a backstepping
mechanism in which the lower terracette is older, and the upper terracette
has built out over the top of the original terracette (Fig. 10B). Cross-sec-
tional exposures or cores through the Angel Terrace Spring AT-1 deposits
will be necessary for evaluation of these models.

Travertine Geochemistry

The elemental and isotopic compositions of the Angel Terrace travertine
are presented in Tables 4 and §. Travertine in the vent facies and apron
and channel facies is composed of aragonite. Waters in the pond and prox-
imal-slope environments precipitate travertine composed of a mixture of
aragonite and calcite. Travertine precipitated in the distal-slope is composed
almost entirely of calcite (Fig. 3). Both the 8'*C (2.7to 5.2 %e PDB) and
850 (4.0to 8.6 %e SMOW) values exhibit a significant increase along the
spring How path (Fig. [1A, B). Sulfate abundance (2.940 to 20,840 ppm)
increases by nearly an order of magnitude across the spring drainage system
(Fig. T 1C), yet the travertine sulfate &S (21.5 to 24.1 % CDT) is virtually
invariant (Fig. 11D). Sr abundance (619 tu 2556 ppm) is greatest in the
high-temperature aragonitic travertine (Fig. 11E}, whereas ¥7Sr/*¢Sr
(0.71110 to 0.71112) shows nu variation from vent to distal-slope (Fig.
11F). Mg abundance (30 to 4841 ppm, or 0 to 2 mol %) is consistently
low in the higher-temperature facies and is variable in the lower-lemper-
ature facies (Fig. 11G). Sodium concentrations (58 to 580 ppm) exhibit a
gradual increase across the spring system (Fig. 11H). Travertine Fe and
Mn abundances exhibit small (+ 100 to 150 ppm) but significant dewn-
flow increases (Fig. 12A, B) and are more variable in the distal facies.
Elemental sulfur increases from 630 to 5288 ppm from vent to distal-slope
(Fig. [2C), and Ba (35 to 245 ppm) exhibits variable hut low concentrations
(Fig. [2D}.

DISCUSSION

Significant modification of the spring water takes place during expulsion
at the vent and progressive drainage through the apron and channel, pond,
proximal-slope, and distal-slope facies. The chemical, physical, and bio-
logical processes along the spring outflow and their influence on t&avertine
chemistry and fabric are evaluated in the following sections.

Subsurface History of the Spring Waters

Chemical and isotopic analyses from throughout the Mammoth Hot
Springs complex suggest that the subsurface water at Angel Terrace is
derived from a combination of: (I) meteoric waters sourced from the Gal-
atin Range and/or the Beartooth Uplift to the north and transported into
the subsurface along major fault systems and {2} deep lateral flow of Norrts
Basin waters from the south (White et al. 1975: Kharaka et al. 1991; Sorey
and Colvard 1997), Values of *’81/4Sr and &S in Angel Terrace spring
water and travertine (Figs. 6, 11) are consistent with those reported by
Kharaka et al. (#1951} for other springs in the Mammoth Hot Spring cur-
ridor. These compositions are indicative of subsurface water-rock inter-
actions with limestoncs and anhydrites of the Mississippian Madison Group
(Kharaka et al. 1991). The small amount of deuterium fractionation relative
to meteoric water measured at spring orifices {(+0.2 to +0.4% ASD
SMOW: Friedman 1970; Kharaka et 1l. 1991) suggests that the subsurface
spring waters have experienced relatively little boiling prior to expulsion
at the surface.
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Fic. 8. —Phatomicrographs of travertine facies at Angel Terrace Spring AT-1: A) aragonite needle botryoids in the vent facies; B) rare paich of calcite replacement or
inversion in aragenite necdle botryoids of the vent facies; €) streamer walls composed of agaregates of aragonite needle botryoids in the apron and channel tacies: D)
blocky calcile crystals, thin niicrocrystalline caleite walis, and small encrusting aragonite needles in ridged networks constituting the pend facies; E) dendritic aragonite
reedle shrubs in the pond fucies; F) arcuate avagonite needke shrubs constituting the proximal-slope facies.
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Fic. 9.—Photomicrographs of traverting facies at Angel Temace Spring AT-1: A} microcrysiatline caleite wall of a caleificd bubble (arrow) from the pond facies encrusted
by aragonite needle rims and dendritic shrubs; B) SEM micrograph of the same calcificd bubble wall shown in Part A; €) caleite “ice sheets™ from the pond facies,
illustrating microcrystalline eaicite wall. and underside growth of dendritic aragonite needle shrubs {arow) and calcite cemems; D) SEM micrograph of three-dimensional
aragonite needle “fuzzy dumbells”™ (arrow) from same underside of pond facies ie sheet shown in Part C; E) caleite feather erystals jarrow) trom a microterracette in the
distal-slope facies; and Fy anhedral caicite erystals and microerystalline caleite from the distal-slope facics.
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models for travertine formation at Angel Terrace
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backslepping model

Degassing and Evaporation of the Spring Waters at the Surface

The systemstic changes in spring-water isotope geochemistry observed
across the Angel Terrace Spring AT-I drainage system (Figs. 6, 7) suggest
that: (I) the large shifts in 4'*C are mainly controlled by rapid degassing
of 2C-enriched CO, rather than microbial activity and (2)the small chang-
es in 8'®0 may be caused by evaporation of '“O-enriched water vapor.
Spring-water DIC and 8'*C compositions exhibit a strong inverse corre-
lation that is consistent with modeled irajectories for Rayleigh-type frac-
tionation during simultaneous degassing and carbonate precipitation (Fig.

T). The fractionation model of Usdowski et al. (1979) has been used for
our mode! calculation:

ci | 1 Mii
n— = [05{— + )
Cif (aT aTraS) "t

where C = nfn+ N, n is the concentration of '*C, and ¥ is the concentration
of '2C at the initial (ti) and final (1f) stages of degassing. Because of the
low values for # in this type of groundwater system, Cis virtualluwiden-

TasLe 4.—lsotopic composition of Angel Terrace Spring AT-I travertine.

Traverine Wuter Aragomie 815C %o A'50) %o S0, &5
Sample No Sample No Lithofacies Calcite Growth Furms PDE SMOW $75r/%Sr % CUT
g70513-1 970519 1A vent A botryolgs 7 10 071112 29
970513-2 ven! A botryvids 1.6 4.0
9705133 venit A hutryvids 4.1 48
970513-4 970519.2A aprow a d channel A Streaitiers 16 5.6 226
970513-5 910319.3A pond A+C shrubs il 5.5 22.9
910513-6 pond A+C shrubs 43 13 224
9705137 pond A+C shrubs 19 6.5 23.8
970513-8 pond A+C rafls 41 9.3
G534 pond A+C bubbles 41 81
§70513-10 pond A+C shrubs 11 6.1 215
970513-11 pund A+C m terracettes 4.0 6.6 231
970513-12 97051944 praximai-slope A+C scaliops 42 6.2 221
970513-13a 970519 SA proximal-slope A+C RVCrOLETaceltes 40 6.9 232
970513-13b proximal-slope A+C roterracelies 40 19 22.6
97051314 970519-6A distal-slupe c spherulites 41 81 071110 241
9705 13- 13 9311 TA distal-slope Cc spherulites 5.2 8.6 220
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Tagie § —Elemental composiion o Angel Terrace Spring AT-I travertine
Travertine Water Ca Mg Mg Fe Sr Mn Na 80, S Ba Ti v 1
Sample No. Sarople No. Lithofacies mg/kg mg/kg moi%  mg/kp mgfkg mglky mglkg mgkg mglkg mghkg  mphg  myky  mghg
9705]3-1 970519.1A vent 334814 54 0 M 2346 23 58 3061 340 35 | 13 100
§70513-2 vent 388712 0 0 51 2555 42 69 1224 f3p - 37 3 15 107
970513-3 vent 32127 53 0 8 1865 4 83 510 1245 4% 0 23 85
9705114 970519.24 apron and channel 178118 7 0 &4 2482 il 159 532 911 13 3 5 14
970513-5 90514934 pond 371238 87 0 k)| 2561 11 176 2952 1243 65 [ 27 87
970513-6 pond 371055 4446 2 47 1481 115 128 8108 4343 30 B 35 %0
9705137 pond 4471
970513-8 pond 363386 2381 1 55 1762 143 461 1267 124 2 17 84
9705139 pond 350485 174 0 46 2491 0 580 1764 105 0 14 |
970513-10 pond 170511 107 0 18 2333 3 21 1990 1146 142 3 33 1s
970513-11 pond 134463 100 0 74 2317 29 406 5671 1711 245 W0 28 82
9790513-12 970519.4A proximal-slope 111137 0 0 0 2373 0 376 1925 1789 63 0 45 49
970513-13a 4M519.5A proimal-slope 375269 4610 2 e 560 235 362 20628 4663 n 3 a "1
970513-13h proximal-slope 170729 4848 1 G4 619 217 302 19239 5288 17 3 [ 103
97051314 SH0519-6A distal-siope 114991 4433 2 52 841 156 489 18873 4816 36 4 15 105
970153-15 QNS13.7A distal-slope 165014 4891 1 61 331 130 172 18414 4393 44 ] 20 104
A. B.
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tical to n/N, which is the isotopic ratio R = "*C/"2C. M is the total
concentration of DIC. The total isotopic fractionation factur {«7) is de-
finedby aT ={(a;- X, + a,.X, + a,.X,). The individual fractionation
factors (Friedman and O’Neil 1977)are g = C/C,, &, = C/C,, a, /7~
C/C, (g = gaseous CO,, f = dissolved CO; T H,CO,, b = dissolved
HCO,-, d = dissolved CO~). The symbul X represents the mole frac-
ticn of dissolved carbon. The fractionalion factors ay ¢, und a, were
calculated from data in Vogel et al, (1970), Movk ¢t ill. (1974), and Thode
et al, (1965). The solid calcite fractionation factur (cS) is defined as C./
.. An estimate of total dissolved CO, was calculated using temperature,
pH, and DIC (Friedman 1970; Usdowski el al. 1979; Pentecost 1395b;
Bethke 1996). Concentrations for CQ,, H.CO,, HCO;~, and CO,%~ were
calculated using temperature-calibrated equilibrium constants (Plummer
and Busenberg 1982),

Oxygen-isolope equilibration between atmospheric CO,, DIC, and H,0
occurs nearly instantaneously. Therefore, little 1o no oxygen-isotope frac-
tionation in (he water is expected during degassing (Truesdell et al. 1977;

N '[5‘0' ‘Z\IN‘ I2;0' '3;)0 geochemistry from Angel Terrace Spring ATl
B. Data are presented in Tables 4 and 5. Facies
4, mgfkg abbreviations are presented in Figure 6, e

Hulston 1977; Panichi and Gonfiantini 1978: Usdowski et al. 1479; Tmes-
dell and Hulston 1986). A significant positive shift in water 6'*(3, however,
is expected during evaporation (Lloyd 1966; Gonfiantini 1986). Evapara-
tion of Angel Terrace spring waters is likely given the high temperatures
at which the waters emerge. the Juw humidity of the Yellowstone region,
and the large shallow surface area over which the wuiers spread and How.
Application of the equilibrium H,O liquig-vapor fractionation factors of
Harita and Wesolowski (1994} suggests that the observed + %e increase
in the water (Fig. 6F) would require evaporation of 10 to [5% of the total
spring water reservoir as it lows across the drainage system. Conversely.
kinetic fractionation would create a much larger effect per volume of evap-
orated water, yielding a ¥ 1%e increuse in 830 with as little as 2% evap-
oration of the water {Horita and Wesolowski 1994). Although beyond the
scope of this pilot study, future analyses of the Angel Terrace spring waters
will need t analyze §'*Q). 8D, and conservative tracers such as Ci across
the drainage system to conclusively determine the extent of evaporation
(Panichi and Gonfiantini 1978; Truesdell and Hulston 1980).
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Processes Controlling Travertine Composition

At temperatures above 44°C aragonite precipitates at Angel Terrace,
whereas from 3@ to 43°C aragonite and calcite co-precipitate. Below 30°C
only calcite precipitates (Fig. 3). These mineralogic changes from aragonite
to calcite across the spring system are generally consistent with expected
temperature controls on mineralogy {Busenberg and Plummer [986; Folk
1994). However, the Angel Terrace temperalure-mineralogy trends are
complicated by two factors. Firsl, the travertine of the higher-temperature
pond is composed of mixtures of lower-temperalure calcite and aragonite
precipitated at the water—air interface (icc sheets, calcified bubbles, ara-
gonite needle aggregates} and higher-temperature aragonite shrubs formed
on the pond floors (Table 3). Second, some downstream transport of trav-
ertine carbonate crystals takes place, causing mineralogical mixing in the

(Friedman 1970), and Rapolano Terme (Guo et
al. 1996).

distal parts of the system. In addition, other parameters that vary along the
flow path (i.e., water and solid-phase mixing, CO, degassing, agitation,
ionic strength, rate of precipitation, and temperature) may be influencing
travertine mineralogy (Kitano 1962a, 1962b; Lippmann 1973; Folk and
Land 1975; Given and Wilkinson 1985; Morse and Mackenzie 1990; Chaf-
etz et al. 1991a; Jones et al. 1996; Renaut and Jones 1996).

A plot of travertine 8'3Q versus 8'°C shows a positive covariation trend
with a strong linear subset of six analyses in the pond facies {Fig, 13). No
appreciable fractionation of either carbon or oxygen isotopes occurs be-
tween aragonite and calctte over the temperature range at Angel Terrace
(Tarutani et al. 1969; Robinsen and Clayton 1969; Romanck et al. 1992,
Kim and O'Neil t997). Therefore, mineralogic changes across the spring
system only minimally affect the travertine isotope values. Although dif-
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Durange, Colorado {(Chafetz and Lawrence 1994)
Pagosa Springs, Colorado (Chaietz and Lawrence 1994)
Bridgeport, California (Chafetz and Lawrence 1994)
Rapolano Terme, Siena, Italy (Guo etal. 1996)

Bagni San Fillipo, Vitrrho. Italy (Gontiantini et al. 1968)
Bagnaccio, Viterbo. Italy (Gonfiantini st al. 1968)
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® Angel Terrace. Mammoth Hot Springs, Yellowstone (this study)
O Main Spring, Mammoth Hot Springs, Yellowstone (Friedman 1970)
A New Highland Terrace, Mammoth Hot Springs, Yellowstone (Friedman 1970)

Narrow Gauge, Mammoth Hot Springs, Yellowstone (Chaietz and Lawrence 1994)

La Zitelle Springs, Viterbo, Italy (Chafetz and Lawrsnce 1994)

Fia, 14 —Comparison of travertine
geochemistry from several different hot spring
localities around the world.

ferent in absolute values, the overall carbon and oxygen isotopic trends at
Angel Terrace are similar to those observed previously al Mammoth Hot
Springs (Friedman 1970)), Rapolano Terme, lialy (Guo et ai. 1996), and
several other siles of hot spring travertine deposition from around the world
(Figs. 13, 14). Unfortunately. detailed comparison of the Angel Terrace
data with these other studies is not possible because descriptions of the
spring microenvironments from which the samples were collected are not
reported.

The values of &'%0 versus &'*C for aragonite and calcite in equilibrium
with the spring waters have been calculated for each sampling station (Fig.
11A, B). The minimal fractionation of oxygen and carbon isotopes between
aragonite and calcite does not change with temperature or precipitation rate
(O'Neil et al. 1969; Grossman and Ku 1986; Romanek 1992; Patterson et
al. 1993; Kim and O’Neil 1997), and will therefore not change from the
vent to the distal-slope environments. For the oxygen isotopes, equilibrium
calcite fractionation was determined using equations presented by Kim and
(' Neil (1997), and equilibrium aragonite fractionation was calculated using
equations in Grossman and Ku (1986) and Patterson et al. (1993). The
dominant dissolved carbonate species shifts from H,CO; to HCO,~ as the
pH increases from 6 to 8 across the Spring AT-I drainage system (Plummer
and Busenberg 1982). Therefore, this effect has been corrected by subtract-
ing H,CO,-HCO,~ fractionation as calculated from changing pH (Mook
et al. 1974) from the total H,CO,—CaCO, fractionation of Romanek et al.
(1992).

Both the carbon and oxygen isotopic composition of the travertine ex-

hibit slightly elevated, yet near-equilibrium, values relative to the degassed
spring waters in the vent, apron and channel, and pond facies (Fig. 1A,
B). Conversely, travertine precipitated in the proximal and distal-slope fa-
cies exhibit negative shifts of up to —3%, for both §'*C and 8'30 with
respect to the equilibrium carbonate values (Fig. [1A, B). One passible
explanation would ke the downstream transport of travertine crystals (orig-
inally precipitated in the vent, apron and channel, and pond iacies) intu the
proximal and distal-slope facies. Travertine accumulation rates decrease
from 30 cm/year in the vent facies to less than 5 cmfyear in the distai-
slope facies (Fig. 3). As a result. small amounts of detrital travertine trans-
ported into the distal slope would have a disproportionally large isotopic
mixing effect. If this is correct, the lack of proximal-type crystal fabrics in
the distal-slope environment would require that these allochthonous trav-
ertine crystals undergo rapid diagenetic alteration to contribute to formation
of the blocky calcite spherules and possibly the feather calcite crystals (Fig.
9E. F). Equilibrium 8'#Q values have been calculated in this study using
water data reported from other hot spring localities around the world (Fig.
14). In general, the results illustrate trends strikingly similar ta those o b
served at Angel Terrace but are difficult to compare directly because of the
lack of a precise spatial (proximal-to-distal) context (Fig. 14).

In addition to these transport effects, another factor not evaluated in this
study are the potentially large seasonal variations in water temperature and
chemical composition. especially in late winter and spring during melting
of the lacal snow pack. These melt waters would have lower §'8Q because
of meteoric distillation, and potentially lower 8™*C values as a result of
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accumulating dissolved soil-gas CO. derived from local soils (Sorey 1991).
Meteoric mixing would also change water temperature and saturatian states,
creating seasonal variations in crystal growth rates. The magnitude of these
seasonal ¢(fects in the spring waters and their record in the carbonates will
necessarily he an important aspect of future studies at Angel Terrace.

Mineralogy, Solid-Phase }iving, and Diagenesis

Although the mixed aragnnite—alcite mineralogy observed across the
Angel Terrace system does not strongly affect hulk isotopic compositions,
it may have a significant influence on trace-element compositions. Arago-
nite and calcite have significantly different equilibrium concentrations and
therefore distribution coefficients for Sr, Mg. Na. Mn. and Fe (Veizer 1983;
Morse and Bender 1990}. As a result, the Angel Terrace travertine trace-
element covariations may reflect solid-phase mixing of aragonite and cal-
cite (Figs. 11, 12). This is especially suggested by covariations in Mn
abundance versus St/Ca (Fig. 12E), which fall along a linear mixing dis-
tribution between expected calcite and aragonite end-member compositions.

Travertine *’51/%¢5r ratios are essentially the same in the vent and distal-
slope facies (Figs. 3F, 1 1¥), which precludes the use of #’Sr/%8+ in tracking
detrital transport of carbonates from the vent to the distal slope. Surface
meteoric waters contain low 3r abundances {<<0.0001 ppm; Sorey 1991)
compared to the spring waters (up to 3 ppm; Friedman 1970). There{ure,
the spring-water ¥7Sr/3¢Sr signatures would not detect mixtures of less than
90% surface runoff water (calculated using mixing equalions of Banner
and Hanson 1990). The similarily between water and travertine ¥7Sr/®Sr
(Fig. 6F, 11F), the decreasing Sr abundances in the travertine (Fig. 11E),
and the Mn versus St/Ca negative covariations (Fig. {2E) arc suggestive
of binary mixing of aragonite and calcite {Veizer 1983; Banner and Hanson
1990). Petrographic evidence of replacement or inversion was only rarely
observed (Fig. 8B); obviously altered samples were not chosen for chemical
analysis.

Surficial Biotic Processes

While this study emphasizes physical and chemical aspects of the Angel
Terrace hot spring system rather than microbiology, dissolved chemical
species represeniing reactants and products of microbial activity have been
evaluated (e.p., Berner 1980; Chapelle 1993). Controversy exists over the
relative (nflucnce of organic versus inorganic controls on the precipitation
of travertine aragonite and calcite. One argument favors rapid inorganic
degassing of CO, from stream water (I‘riedman 1970; Pentecost 19932,
1995k; Guo et al. 1996}, and the other suggests biological removal of CQ,
via photosynthesis as @ mechanism lor driving precipitation (Amundson
and Kelly 1987, Guo et al. 1996).These interpretations of precipitation
mechanisms have, however, primarily been made using either water or
carbonate chemistry hut nut a systematic analysis of both.

The observed downstream decrease in travertine 8'*C and 8'*0 values
with respect to calculated equilibrium values (Figs. 7, 5A) may he caused
by the geochemical byproducts of photosynthesis and respiration. Photo-
synthesis prefereniially removes '*C'°0, from the water. which would
serve to elevate the values of 6'*C and &'*0 in the remaining spring water
and any carbonates that it precipitates (Lucas and Berry 1985; Mc-
Connaughey {989a, 1989%; Ehleringer et al. 1993; Rau ct al. 1947). Be-
cause the abundance of photosynthetic microbes increaser downstream, a
downstream increase in §''C and &0 would be expected (Guo et al.
1996). In contrast, travertine isotopic compositions are observed to decrease
downstream with respect to calculated equilibrium values (Fig. 11A, Bj.
This trend is more consistent with aerobic respiration, which would produce
progressively lower 6°C and 8'80 as more CO, is released during oxi-
dation of organic matter (Flanagan et al. 1992: Hinga et al. 1994). An
additional uncertainty, however, is why the spring-water compositions do
nol exhibit a downstream temperature-driven decrease in §1*C with respect
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to Rnyleigh-type fractionation (Fig. 7) similar to that calculated for the
travertine (Fig. I1A). Future studies of the diurnal and seasonal variutions
in Angel Terrace Spring AT-1 water chemistry will be required to fully
interpret these isotopic trends.

The H;S fumes being emitted at Angel Terrace suggest that sulfate re-
duction is occurring somewhere within the spring system, either in the
subsurface plumbing or along the surface outflow. In addition, the high
abundance of Aquificales bacteria in the vent and apron and channel facies
indicates that sulfide oxidization is taking place {Brack 1978). It is currently
unknown, however, whether the sulfide is derived from a magmatic source,
thermochemical reactions. biological mediation, or subsurface water-rock
interactions with limestones, evaporites, or metal sulfides {e.g., Vairava-
murthy and Schoonen 19%5). As a result. a thorough understanding of the
6*S and 6°C fractionation in the Angel Terrace system will require future
studies of the concentrations, production rates, and isotopic compositions
of the dissolved sulfide.

Given these uncertainties. some preliminary hypotheses can he made
based on the sulfur data collected thus far. The concentration of sulfate in
the Angel Terrace travertine (2900 to 20.700 ppm} is high with respect to
Concentrations in aragonites, calcites. and dolomites from other geological
settings (Staudt and Schoonen 1995). Sulfate concentrations are approxi-
mately 520 ppm in Angel Terrace spring water and about 2700 ppm in
seawater (Drever 1988: Lihes 1992). Therefore. Angel Terrace travertine
is notably enriched in sulfate relative to marine skeletal carbonates. which
have sulfate concentrations in the range of [0N0 to 20,000 ppm (Staudt
and Schoonen 19935). Spring water and travertine have %85 and ¥75r/46S¢
stgnalures equivalent to those of Mississippian seawater (Claypool et al.
1980; Burke et al. 1982; Faure 1986), suggesting that the Angel Terrace
spring waters have undergone suhsurface water—rock interaction with lime-
stones and evaporites ol the Mississippian Madison Formation (Sorey
1991). Sulfur-isotope compositions of disselved sulfate in Spring AT-I
water are close to +20%« CDT. with only [.4%. variation across the study
transect and no systematic change down thc Row path. The sulfute &+
composition of Angel Terrace travertine (+21.5 and +24,1%: CDT) is up
to 3%« heavier than the dissolved sulfate (Figs. 6G. 11D) but shows a
similar lack of systematic changr down the How path.

These analyses of Angel Terrace spring water and travertine 5§ suggest
that redox cycling of sulfur at elevated temperature may play a major role
in dictating the environmental conditions and metabolic pathways that dom-
inate the microbial cnmmunity. This assertion is supported by the release
of H,3, which may he in minor concentrations and of inorganic origin, and
the abundance of sulfide oxidiring microbes. Despite this direct evidence
for both sulfate reduction and sulfide oxidation. the preliminasg sulfur-
isotope data fail to uniquely delineate the magnitude and character of the
metabolic pathways. Specifically, initial 83 determinations for carbonate-
associated sulfate in travertine samples show little variance from the in-
ferred parent sulfate despite the evidence for redox reactions and associated
kinetic isotope effects (Fig. 6). The implications are threefold: (I) cither
the system is sufficiently swamped by sulfale to mask the isotope effects,
(2) the rates of microbial reduction and oxidation are lower than predicted
from cursory assays of community structure and sulfide concentration, ot
(3) the isotope effects are offset by a dynamic ''steady-state'" balance be-
tween oxidized and reduced forms.

These results illustrate that the isotopic products of microbial processes
are not readily ohserved in the Angel Terrace spring water and travertine
sulfur-isotope compositions. The rates and proportions of microhially driv-
en sulfate reduction and sulfide oxidation appear therefore to be insufficient
to significantly overprint the large sulfate reservoir of the open spring sys-
tem. This indicates that while travertine crystal fabrics are strongly influ-
enced by microbes by providing a substrate for crystal nucleation. the
chemical by-products of microbial respiration and photosynthesis are not
well expressed in travertine crystal geochemistry



Paired spring-water and travertine samples have been systematically an-
alyzed along hydrologic gradients at Angel Terrace. Mammoth Hot
Springs, Yellowstone National Park. Results indicate that modem terraced
hot spring traverting environments in this area are composed of five de-
positional facies, which are: {1) vent, (2)apron and channel, (3) pond, (4)
proximal-slope, and (5)distal-slope. The travertine in each facies is com-
posed of a distinct assemblage of aragonite needles and calcite crystals
organized into characteristic larger-scale carbonate accumulations.

Geochemical evaluation of the chemistry of spring water and underlying
travertine suggests that downfiow CO, degassing, tempcrature decreases,
and possibly evaporation are the primary environmental controls on trav-
crtine mineralogy and isotopic compositions. Microbial milts growing on
the floor ofthe spring drainage system serve as passive substrates for trav-
ertine precipitation. Active hialogical control of the chemical composition
of the precipituting travertine is generally prevented because of the volu-
metrically large open-system solute reservoir of the spring-waler and the
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and travertine isotopic compositions in the distal depositional facies, which
are below values predicted for equilibrium precipitation from the spring
waters. This relationship may record aerobic respiration as well as down-
stream detrital wansport of travertine crystals. Therefore. in the case of
Angel Terrace travertine, the crystallographic fabrics are generally a better
indicator of biological mediation than are associated crystal-chemical com-
positions (i.¢., organic substrates contred the general morphology of crystal
accumulations). The high degree of spatial and temporal variability within
spring systems require that travertine compositions he carefully interpreted
in the context of depositional facies models to accurately reconstruct the
isotopic and elemental compositions of the parent spring-water.
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