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ABSTRACT: Petrographic and geochemical analyses of
positing hot springs at Angel Terrace, Mammoth Hot Springs,
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 bacteria. The travertine of the
pond facies 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 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 processes. Vigorous degassing causes a 
unit increase in spring water as well as Rayleigh-type covariations
between the concentration of dissolved inorganic carbon and corre-
sponding Travertine and 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 and values that are as much as
less than predicted equilibrium values. This isotopic shift may record
microbial respiration as well as downstream transport of travertine
crystals. Despite the production of and the abundance of sulfide-
oxidizing microbes, preliminary 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 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 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 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 1988, 1992; Ludwig et 1992;
Coplen et al. 1994); (2) speleothems associated with archeological studies 
that create benchmarks for age determinations and paleoclimatic recon-
structions Bar-Yosef and 1994; Schwarcz et 1980; Schwarcz 
1997; Bischoff et 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 genes in living
microbes (Woese 1987; Stetter 1996; Pace 1997; Barns and
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 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 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 in
the meteorite (among others, McKay et 1996;
1997; Valley et 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. is one of the world’s largest sites 
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Northern Park

FIG. I.-Geographic of Mammoth Hor Springs in National
Park. Wyoming. Map of Angel Terracc Spring AT-I
the New Highland of Springs. are m.

of active travenine accumulation. The deposits of Mammoth Hot 
Springs are approxitnatcly old (Sturchio et al. 73
m in thickness, and cover more than 4 (Allen and Day 1935: White
et Bargar 1978).Discharge from the entire Mammoth Hot Springs

totals uf which erupts from terraces
and 90% flows directly into the River (Sorey I : Sorey and
Colvard are heated by near-surface magma
chambers and flow upward along the Mammoth and Swan Lake faults

The springs expel type hot waters with 
geochemically estimated subsurface reservoir of
aka et al. I ; Sorey and Colvard 1997).The thermal spring waters carry
dissolved solutes derived from water-rock with

rocks and possibly waters from
the Geyser Basin (Sorey 1991; Sorey and Colvard 1997).

terraced and fissure ridge deposits. of which the terraces 
are the dominant morphology at Mammoth Hot Springs
(Bargar 1978). Angel Terrace, the site of the present study, is pan of
New Highland Terrace area. which the southwestern part of the
Mammoth Hot Springs complex (Figs. 2; 1883; Allen and Day 
1935; Bargar Terrace contains several springs that are
actively water: the of thrsc is named
Spring AT-I. The hydrologic system is dynamic, with multiple vents ap-
pearing, sealing, and on Angel Terrace at a frequency of months

tens of years (Friedman 1970; Bargar 1978; Surcy and 1997).

PREVIOUS

The geology and geomorphology Mammoth Hot Springs has been 
described Allen and Day and "Terraced traver-
tine" accumulations are grouped into three size categories, which include
terraces (tens of square meters), terracettes (a few square meters), and mi-

(a few square centimeters or less). Friedman analyzed
the spring and travertine from Main Spring
and New Highland Spring and concluded that cooling and degassing
were the on the carbon and oxygen isotopic composition
of the water and travertine. and Lawrence presented
data for water and from nearby Narrow Gauge Spring and ob-
served that spring-water isotopic compositions were significantly different
from those the precipitated travertine. In 1967 the USGS research
hole in New Highland Terrace (White et al. 1975; Sorey 1991). To
date, however, no coupled petrographic and chemical analyses of travertine

the core have been published. The most comprehensive analysis
of Hut Springs was a USGS study of the Springs
thermal area (Sorey I ; Sorey and Colvard 1997). which 

photographs of Terrace Spring AT-I: A) the looking northward of lhc proximal-slop distal-slope
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yses of travenine and spring water from New Highland Terrace (Kharaka
et 1991; Sturchio et Uranium-series age de-

this work indicate that deposition of the travertine de-
posits in nearby Gardiner, Montana (Fig. I), was interrupted and that the

were partially eroded by glacial advances during the late Pleisto-
cene ct al. Sturchio et

Angel Terrace hot springs have been used to study the influence of
microbial on the precipitation of laminated
travertine fabrics (Farmer and Der This work the
following general relationships along the channels. Above 

cyanohacteria are excluded because of thermal intolerance. and only
of archaehacteria and persist.

form that of a diverse association o f photosynthetic cyanohacteria 
(Farmer and Des

Several studies have analyzed hoth aqueous and solid-phase components 
of terrestrial springs Ij. Results indicate that the pri-
mary on travertine precipitation are a complex interplay of water

HCO,. elemental and sat-
uration state). physical processes temperature change, degassing, boil-
ing. steaming. and dilution), hydrology rates and
surface area). and biotic photosynthesis and 
Small diurnal in isotopic and composition have
been in spring waters (Amundson and Kelly et

Chafctz b: Pentecost Travertine from



3

I



DEPOSITIONAL FACIES AND AQUEOUS-SOLID GEOCHEMISTRY OF TRAVERTINE-DEPOSITING HOT SPRINGS 569

Pond

130 bottle and acidified with 0.2 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
nants, such as After the acidified sample equilibrated for 20
gases in the head space of the bottle were drawn into a vacuum line. To
remove water, the gas was through a ice cold trap 
(-70°C) and a variable-temperaturc cold trap (Des Marais 1978) held at
-127°C. The was then trapped at -196°C. The was
using a mercurj and then flame sealed in a Pyrex (Coming
Glass Works) tube, 6 in diameter and long, for isotopic analysis. 
Carbon-isotope were performed using a Nuclide 
mass spectrometer modified for small-sample analysis (Hayes et 1977).
All isotopic results are reported as per mil values relative to the Peedee

carbonate standard using the standard delta notation

0.0112372. For overall procedure, the 95% confidence limits for
were 0.2.

Polished thin sections were examined with plane-polarized light and un-
der cathodoluminescence a CITL Cold Cathode operating
at I I and 500 Travertine chips were either carbon- or
coated and on a JEOL JSM SEM operating at Co-
ordinated plane-light. cathodoluminescence, and SEM
mosaics were constructed to serve as guides for microsample drilling to
avoid altered portions of the travertine (Popp et al. 1986;

- = -

radiation (30 which was calibrated using an 
standard. Data were collected over the range of 3 to 65"

Travertine carbon- and oxygen-isotope analyses were measured on the
CO, released during digestion of 20 50 powdered travertine in

phosphoric acid at 50°C on a mass spectrometer. Data 
are reported as values for CO, gas relative to PDB using the standard
delta notation, and is reported relative to SMOW (Craig 1957). An-
alytical precision was per mil for oxygen and 0.2 per mil for carbon. 

elemental abundances were obtained by electron probe microanal-
ysis on a operating at 20 and with a

in diameter. Estimated precision is expressed as 95%
dence limits and is typically better than 2% for elements and 4% for
trace elements as calculated from replicate analyses. 

Solid-phase sulfate concentrations and corresponding sulfur-isotope val-
ues were determined using g of poadered that were placed
in a flask followed by a slowly addition of 80 of
deoxygendtrd HCI bubbling the with boiling and
cooling, dissolved SO, was retained in the acidic solution and 
was flushed from the flask in a stream of The residual insoluble sedi-
ment and acidic solution were filtered. and acidic solution was 
diluted to with double-distilled deionized water and then 
evaporatively concentrated to 200 while keeping the solution below the 
boiling p i n t . 20 of saturated solution was added. 
and the solution was evaporatively concentrated to 75 precipi-
tated overnight at temperature was filtered and dried at 65°C. Slow 

Fouke al., The mineralogical of each specimen was 
determined using X-ray powder diffraction Samples were ground 
under acetone. and smear prcpared. The XRD data were 
lected on a Rigaku automated powder diffractometer using Cu

of this large volume of solution enhances growth
and the efficiency of retention of the precipitate on the filters. It is uncertain
whether the travertine sulfate was into the crystal lattice or 
trapped within or solid inclusions. Sulfate yields were 

Spring

TDC 6°C SO,
No

I 970519 -18.1 071127 19.6
6.0 high

2.b 71.0

43.7 69-74 7.5 -17.7 19.9 high

5.8 -17.9
2.1 43.7

10.1 7 9
30.1 7.9

3.6 6 9

1.4 1.4
0.5

519 19.1 61

0.5 8.0 -11.1 206.6 low
970513
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collection o f the evolved purified gases in a cryogenic trap. Evolved CO,
at to - Evolved SO, was transferred at

-145°C to -95°C to a second cryogenic quantified manometrically,
sealed in 6 mm and analyzed a Nuclide
mass spectrometer. Precision of isotope for samplesand
laboratory standards was are expressed in standard per
mi l notation relative to Canyon Diahlo

Strontium-isotope ratios of spring and travertine were measured
on a Finnigan-MAT 261 fixed thermal ionization mass spec-
trometer. Ten replicate analyses NBS 987 yielded a mean
value of a standard deviation for any analysis of

Average in-run precision was for the standard and 
for each sample.

COMPOSITION TERRACE SPRING SYSTEM

sur face of apr ing- wa te r

sp r i ng- wa te r column

f r e s h uppermost su r face of travertine, composed
of m i c r o b i a l a n d carbonate c rys ta l s

of the uppermost surface of
previously depos i t ed  t rave r t i ne  travertine accumulation the pond

illustrating the
actively spring
with mats. and underlyingI-

-

from the spring waters currently over each site o f de-
position.

System

Spring water emerges from the ground in the vent facies through an
irregularly shaped 5-ctn-diameter orifice (Figs. 3, 4A; Bargar The
water exhibits a rolling flow as it i s expelled of vigorous CO,
outgassing. The strong odor for which these springs are well known
indicates that gas is released. The vent water steams as i t
leaves conduit through mushronm-shaped that
accrete to the air-water interface (Fig. Spring waters then flow rapidly 
through the gently sloped apron and channel facies (Fig. followed by

and accumulation in pan-shaped pond facies. The pond
are characterized hv raised rims of travertine to cm hieh.

forming several meters in diameter (Figs. 3; 1978).
Angel Terrace Spring AT- I is composed of upper and lower

(Fig. Warm spring water the apron and channel facies
enters the upper pond laterally and mixes with pond water that has begun
to cool (Fig. The pond cooler water cascading over
the upper proximal-slope facies (Fig. This mixing of water creates a
36°C range in water temperature in the pond facies (Fig. 3). However, the
time periods which this i s sustained is uncertain. Spring water then
cascades over the steep proximal-slope facies as a pulsating sheet Row.
Small I to 3 in diameter, cover the slope of the prox-
imal-slope (Fig. Spring water then continues to flow down into
the low-inclination distal-slope facics, where the water velocity slows and

Terrace Spring AT- I i s composed a of shallow-water
environments distributed along drainage How paths running from the spring
orifice pans of the system. aqueous environments and 
their associated travertine deposits are into
uted depositional facies on the of water temperature and chemistry. 
travertine crystalline fabric. and travertine chemistry (I)vent facies, (2)
apron and channel facics. (3) facies, proximal-slope

distal-slope (Table 2; Figs. Travertine precipitated in each
of the depositional facies exhibits distinct characteristics.

travenine deposit.

#-
spring water. ( 2 ) the fresh. actively precipitating travertine sur-
face Icm with living micrnbial mats, and travenine at depths
greater than Icm below the upper surface (Fig. Analyses
in this study limited the spring water and uppermost I
cm-thick accretionary surface of travertine to historical var-
iations. Spring vents are self-sealing and over time periods
of several months to years Park commu-
nication), leading to frequent lateral shifting the depositional environ-
ments. i t i s possible the travenine occurring just the
uppennost surface of may not have

flowing water. However. sub-
strate experiments (stainless steel washers placed in each depositional en-
vironment for approximately 48 hours) suggest average precipitation rates
of at least 30 in the vent, apron and channel, and pond facies and
less than 5 in the distal-slope facies. As a the uppermost 
cm-thick surface of the travertine could accumulate in as as 15
days. These durations are significantly shorter than the time scales of sev-
eral to years at which and paths shift. This suggests
that the uppermost crystalline travertine was prccipitatcd

Aqueous

The depth, temperature, and isotopic composition of the water in
each facies are presented in 3. Water temperature decreases

to 28°C along the spring outflow (Fig. The observed departures
from a smooth thermal gradient with increasing distance the vent are
caused by the particular How patterns and water depth of each facies (Fig.
3). Spring water increases along the How paths from 6.0 at the vent to
8.0 in the dish-slope This is acconipanied by a large I17

decrease in dissolved inorganic carbon Fig. and a 
simultaneously large increase in from PDB (Figs. 6B.
C. Conversely. the water exhibits only a small increase from
-18.3 to SMOW across the same flow path (Fig. E). Vari-
ations in dissolved strontium extremely small, exhihiling a

increase of only (Fig. Variations in dissolved sul-
fate to 547 ppm) and its associated signature (19.6 to
CDTJ in the spring are both relatively invariant from the vent
distal-slope facies (Fig. HJ.
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Distal-Slope

0 50 150 2w 250

Dissolved Inorganic Carbon.

spring-water (DIC)
its Angel Spring AT-I data are with

using in
at. and and (1987). are

described in the text.

calcite. The bubble inner walls and ice-sheet upper surfaces are smooth
(Fig. In contrast, the outer bubble walls and lower sheet surfaces 
act as sites from which 50 to calcite crystals 
and small aragonite grow. aragonite forms bo-
tryoids as well as dumbbell-shaped aggregates composed of parallel needles
that spread at their ends into radiating hundles of Folk
et Folk 1993, 1994; and 1991; Chafetz and 

1992). Some of these 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 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 vent cuts off water (Allen and Day 1935; 1978).

The proximal-slope facies begins at the top of the pond rim and forms 
high-angle (45” to 85” inclination) outer face of the terracette, creating 

buttresses up 1.5 m in height (Fig. 2A). The proximal-slope travertine 
is composed of aragonite needles organized into shrub-like growth

that are linear or concave upward (Fig. These arcuate, 
branching crystal aggregates form the on the

outer face of the proximal-slope (Fig. Chafetz and Folk 1984; 
Guo and Riding 1992).Travertine precipitating in the distal-slope facies is
composed of two distinct types of growth. The are detidritic 
“feather crystals’’ growing on ponds (Fig. 4F)
composed of branching stalks of blocky prismatic crystals of
calcite (Fig. YE; Chafctz and Folk 1984; Folk 1985; Guo and Riding 
1992). The second irregular up to cm in
composed of euhedral calcite crystals and clumps of

calcite (Fig. 9F). pieces of ice sheets, calcified bubbles, and
furry dumbbells also occur in the proxinial and which
have been suspended in the shallow water column and washed downstream
from the pond facies.

stratigraphic created during travertine accumulation are ex-
tremely complex because of constant lateral changes in vent position and
hydrologic inflow and outflow along spring system. However, the

step terracette of the Angel Terrace Spring AT-I travertine
likely represents a comhination of at least two end-member accretionary
models. The is a downstepping mechanism in which the upper terra-
cette is older. and the lower the previous deposits of the
proximal-slope and facies (Fig. If caused by an increase
in spring without change in the of the vent, this would be
accompanied lateral progradation of the apron and channel 
the previous pond and facies. The second is a backstepping 
mechanism in which lower terracette is older, and the upper terracette
has built out over the top of the original terracette (Fig. Cross-sec-
tional exposures or cores through the Terrace Spring AT-I deposits
will necessary for evaluation of these models.

Travertine

The elemental and isotopic compositions of the Angel Terrace
are presented in Tables 4 and 5 . 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

entirely of calcite (Fig. 3). Both the (2.7 5.2 PDB) and 
(4.0 to 8.6 SMOW) values exhibit a increase along the

spring How path (Fig. I I B). Sulfate abundance (2.940 to 20,840 ppm)
increases by nearly an order of magnitude across the spring drainage system
(Fig. I IC), yet the travertine sulfate (21.5 to 24.1 CDT) is
invariant (Fig. Sr abundance (619 tu 2556 is greatest in the
high-temperature travertine (Fig. whereas
(0.71110 to 0.71112) shows nu from vent to distal-slope (Fig. 

Mg (30 to ppm, or 0 to 2 %) is consistently
low in facies and is variable in the

facies (Fig. Sodium (58 to 580 exhibit a
gradual increase across the spring system (Fig. Travertine Fe and
Mn abundances exhibit small to 150 but significant 
flow increases (Fig. and are more in the distal facies.
Elemental sulfur increases from 630 to 5288 from vent to distal-slope
(Fig. and Ba (35 to 245 ppm) exhibits variable hut low concentrations
(Fig.

DISCUSSION

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
chemistry and fabric are evaluated in the following sections. 

History 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

Range the Beartooth Uplift to the and into
the subsurface along fault systems and deep lateral flow of
Basin waters from the south (White et 1975: Kharaka et 1991; Sorey
and Values and in Angel Terrace spring 

and travertine (Figs. 6, I I are consistent with those reported by
Kharaka et for other springs in the Mammoth Hot Spring cur-

These compositions are indicative of subsurface water-rock inter-
actions with and of Mississippian Madison Group
(Kharaka et I The small amount of deuterium fractionation relative
to meteoric water measured at spring orifices to

Kharaka 1991) suggests that subsurface
spring waters have experienced relatively little boiling prior expulsion
at the surface. 
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end-member depositional 
for at Angel Terrace

Spring AT-I: A) progradational model:
model

Degassing and Evaporation of the Spring Waters at the Surface

The systemstic changes in isotope observed
across the Angel Spring AT-I drainage (Figs. 6, 7) suggest
that: ( I ) the large shifts in are mainly controlled by degassing

es in may be caused by evaporation of
Spring-water and compositions exhibit a strong inverse 

that is consistent with modeled for
during simultaneous degassing and carbonate precipitation (Fig.

The fractionation model of Usdowski et (1979) has been used for
our calculation:

= 0.5 - -[of rather than microbial activity and ( 2 )the small chang-

where is the concentration of and the
of at the initial (ti) and final stages of degassing. Because of the
low values for in this type of groundwater system, C i s

Terrace Spring

so,
No Sample CUT

970519 A b d 9
A 1.6 4.0
A 4 8

a d A 5.6 22.6

9103 A + C shrubs 22.9

A + C shrubs 6.5 23.8
shrubs 22 4

pond 4 1 8 1
shrubs 1.1 6.1

4.2 6.2 22.1
4 0 6.g 23.2

I I C 5.2 8.6 22.0

4 1 9.3

4.0 6.6 23.1

4 0 22.6

C 4.1 8 1 24.1
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5 of AT-I

178118 77 159 911

371238 87 2561 2952 1243 27
47 1481 128 8108 4343 I4

I 55 1762 1267 2 17
0 46 2491 0

170511 0 18 2333 3 211 1990 1146 142 3 33
74 29 5671 1711 245 28

111137 0 0 0 0 376 1925 1789
2 116 77 3

170729 1 217 5288 17 3

114991 2 52 841 18873 4816 36
165014 4891 61 172 18414 44 20

4471

A.

P

20 30 40 50 60 70 80 20 30 40 50 60 70 80
C. C

E

4000 AC

30 40 50 70
F. C

0 713000

07104 DS V

V 0.7099

0 7094
m

600 DS

70 30

"I
1s

49
"I

Fro. I plots of
Spring AT-I.

are in Tables and 5. In plots A
B. open boxes 

wirh
the water. circles
predicted equilibrium fur
Calculations arc in Facies

Figure 6.



578 B.W ET AL.

A.

150

soso
DS

C. D.
6w0

20 30 40 SO 60 70 80
E. F.

0 150 2 3 3 5 4 4 5 5 6
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2000

500
AC

2000 0 50 2W 250 300

oi
from Angel Spring AT-I

are presented in 4 and 5.
Figure

tical to which is the isotopic ratio R = is the total 
concentration of DIC. The isotopic fractionation is de-
fined by = X, a,,.X,, a,,. The individual fractionation 
factors (Friedman and 1977) are a, = a,,

= gaseous f = dissolved + b = dissolved
d = dissolved The symbul X represents the mole frac-

of dissolved carbon. The fractionalion factors a,,were
calculated from data in et Movk ill. and Thode

The solid calcite fractionation factur is defined
An estimate of total dissolved was calculated using temperature,
and DIC (Friedman 1970; Pentecost

Bethke Concentrations for and were
calculated using temperature-calibrated equilibrium constants 
and

equilibration between atmospheric DIC, and
occurs nearly instantaneously. Therefore, little lo oxygen-isotope
tionation in water is expected during degassing (Truesdell et al. 1977;

Hulston 1977; Panichi and Gonfiantini 1978: Usdowski Tmes-
dell and Hulston A positive shift in water however,
is expected during evaporation (Lloyd 1966; Gonfiantini 1986). 
tion of Angel Terrace spring is likely given the high temperatures
at which the the Iuw humidity of the region,
and the large shallow surface area over which the spread and How.
Application of the equilibrium fractionation factors of

and Wesolowski suggests that the observed increase
in the water (Fig. would require evaporation of to of the total 
spring water reservoir as it across the drainage system. Conversely.
kinetic fractionation would create a much larger effect per volume
orated water, yielding a + in with as little as 
oration of the water and Wesolowski Although the
scope of this pilot study, future analyses of the Angel Terrace spring waters 
will need and conservative such as across
the drainage system to conclusively determine the extent of evaporation
(Panichi and Gonfiantini 1978; Truesdell and Hulston 1980).
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ferent in absolute values, the overall carbon and oxygen isotopic trends at
Angel Terrace are similar to those observed previously Hot
Springs (Friedman Rapolano Terme, and
several other 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 from which the samples were collected are not 
reported.

The values of versus for aragonite and calcite in equilibrium 
with the spring waters have for each sampling station (Fig.

minimal fractionation of oxygen and carbon isotopes between 
aragonite and calcite does not change with or precipitation rate 

1969; Grossman and K u Romanek Patterson
al. 1993; Kim and and will therefore change from the
vent to the distal-slope environments. For oxygen isotopes, equilibrium 
calcite fractionation determined using equations by Kim and

and equilibrium aragonite fractionation was calculated using 
equations in Grossman and Ku and Patterson et The
dominant dissolved carbonate species shifts from to as the

increases from 6 to 8 across the Spring AT-I drainage system (Plummer 
and Busenberg 1982). Therefore, this effect has been corrected by
ing fractionation as calculated from changing
et 1974) from the total fractionation of Romanek et

Both the carbon and oxygen isotopic composition of the travertine 

geochemistry from spring
around world.

slightly elevated, yet near-equilibrium, relative the degassed
spring waters in the apron and channel, and pond facies (Fig.

Conversely, travertine precipitated in the and distal-slope fa-
exhibit negative up to for both and with

respect to the equilibrium carbonate values (Fig. One
explanation would be the transport of travertine crystals (orig-
inally precipitated in the vent, apron and channel, and pond iacies) intu the

and distal-slope facies. Travertine accumulation decrease
from 30 in the vent facies to less than i n the
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 trav-
ertine crystals undergo rapid alteration contribute to formation
of blocky calcite and possibly the feather calcite crystals (Fig.
9E. Equilibrium values have been calculated in this study using
water data reported other hot spring localities around the world (Fig.
14). In general, the results illustrate trends strikingly similar those o b
served at Angel Terrace but are difficult to compare directly because of the
lack 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 snow pack. These melt waters would have lower because
of meteoric distillation, and potentially lower values as a result of
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accumulating dissolved soil-gas derived from local soils (Sorey 1991). 
mixing would change water temperature and states,

creating seasonal variations in crystal growth rates. The magnitude of these
seasonal in the spring waters and their in the carbonates will
necessarily he an important aspect of future studies at Angel Terrace.

Mineralogy,Solid-Phase and

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

Travertine ratios are essentially the same in the vent and
slope (Figs. I which precludes use of in tracking

of carbonates from the vent to the distal slope. Surface
meteoric waters contain low abundances ppm; Sorey 1991)
compared to the spring waters (up to 3 ppm; 1970).
the spring-water signatures would not detect of less
90% surface runoff water (calculated using mixing equalions of Banner
and Hanson 1990). The between water and travertine
(Fig. decreasing abundances in the travertine (Fig.
and the Mn versus negative covariations (Fig. arc
of binary mixing of aragonite and calcite 1983; Banner and
1990). Petrographic evidence of replacement or inversion was rarely
observed (Fig. obviously altered samples were not chosen for chemical 
analysis.

Biotic Processes

While this study physical and chemical aspects of Angel
Terrace hot spring system rather than dissolved chemical 
species reactants and of microbial activity have been
evaluated 1993). Controversy exists the
relative of organic versus inorganic controls on the precipitation
of travertine aragonite and calcite. One argument favors rapid inorganic
degassing of CO, from stream water Pentecost

et al. and the other suggests biological removal 
via photosynthesis as mechanism lor driving 
and Guo 1996). of precipitation
mechanisms have, however, primarily been made using either water or
carbonate hut nut a systematic analysis of both.

observed downstream decrease in travertine and values
with respect to calculated equilibrium values (Figs. may he caused
by the geochemical byproducts of photosynthesis and respiration. Photo-
synthesis removes from the water. which would 
serve to elevate the values of and in the remaining water
and any carbonates that i t precipitates (Lucas and Berry 1985;
Connaughey Ehleringer et 1993; Rau ct Be-
cause the abundance of photosynthetic increaser downstream, a
downstream increase in and would be expected et al. 

In contrast, travertine isotopic compositions are observed to decrease
downstream with respect to calculated equilibrium (Fig. I Bj.
This trend is more consistent with aerobic respiration, which would produce
progressively lower 6°C and as more is released during oxi-
dation of organic matter et 1992: Hinga et 1994). An
additional uncertainty, however, is why the spring-water compositions do

exhibit a downstream temperature-driven decrease in with respect

to Rnyleigh-type fractionation (Fig. similar to that calculated for the
travertine (Fig. I Future studies of the diurnal and seasonal
in Angel Terrace Spring AT-I water chemistry will be required to fully 
interpret these isotopic trends.

The fumes being emitted at Angel suggest that sulfate re-
duction is occurring somewhere within the spring system, either in the

or along the surface outflow. In addition, the high 
abundance bacteria in the vent and apron and channel facies
indicates that sulfide is taking place It is currently
unknown, however, whether the is from a magmatic source, 

reactions. biological mediation, or subsurface water-rock
interactions with limestones, evaporites, or metal sulfides 
murthy and Schoonen As a result. a thorough understanding of

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 is high with respect to
Concentrations in aragonites, calcites. and geological
settings (Staudt and Schoonen 1995). Sulfate concentrations are approxi-
mately 520 in Angel Terrace spring water and about 2700 ppm in
seawater 1988: Lihes Therefore. Angel Terrace travertine
is notably enriched in sulfate relative marine skeletal carbonates. which 
have sulfate concentrations in the of (Staudt
and Schoonen Spring water and travertine have and

equivalent to those of Mississippian seawater (Claypool et
Burke suggesting that the Angel Terrace

spring waters have undergone suhsurface water-rock interaction with lime-
stones and evaporites the Mississippian Madison Formation 

Sulfur-isotope compositions of sulfate in Spring AT-I
water are close to CDT. with only variation across the study

and no systematic change down Row path. The 
composition of Angel Terrace travertine and CDT) is up 
to heavier than the dissolved sulfate (Figs. 6G. ID) but shows a
similar lack of systematic changr down the How path.

These analyses of Angel spring and travertine 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 which may he in minor concentrations and of inorganic origin, and
the abundance of sulfide oxidiring microbes. Despite this direct evidence 
for sulfate reduction and oxidation. the
isotope data fail uniquely delineate the magnitude and character of the

pathways. Specifically, initial determinations for
associated sulfate in travertine samples show from the in-
ferred sulfate despite the evidence for redox reactions and associated
kinetic isotope effects (Fig. 6) . The implications are threefold: ( I )
the system is sufficiently swamped by mask the isotope 

the rates of microbial reduction and oxidation are than predicted
from cursory assays of community structure and sulfide concentration,
(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. 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 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
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CONCLUSIONS

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

evaluation of chemistry of spring and underlying
suggests degassing, decreases,

and possibly evaporation are the primary environmental controls on
crtine and compositions. Microbial milts on
the floor of the spring drainage system serve as substrates for trav-
ertine precipitation. Active control of the chemical
of travertine is generally because of the

large open-system solute of the and the

of and
travertine oxygen geochemistry and

calcite from
different localities around the world:

Mammoth Hot study):
Main Springs. Mammoth Hut Springs
1970): Highland Hut
Springs

and Lawrence 19941:
and Springs

and Lawrence
1994); Bridgeport, California and

La
and Lawrence

1968).

rate at which degassing Exceptions to this the spring-water
and travertine isotopic compositions in the distal depositional which
are below values predicted for equilibrium precipitation from the spring

This relationship may record aerobic respiration as well as down-
stream of travertine crystals. Therefore. in the of
Angel Terrace the crystallographic fabrics are generally a 
indicator of biological mediation than associated com-
positions organic substrates the general morphology of
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 
isotopic and elemental compositions of the parent spring-water.
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