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INTRODUCTION TO TRAVERTINE 
GEOLOGY

Travertine mounds are carbonate rocks that 
form at the mouth of springs where CO2 degas-
sing drives mineral precipitation from carbonate-
supersaturated water fl owing from depth. This 
study concerns thermogenic travertine mounds 
that grow along the Little Grand Wash and Salt 
Wash normal faults in central Utah (United 
States; Fig. 1) and bear witness to the past 

and present activity of carbonate-rich springs 
(Dockrill and Shipton, 2010; Kampman et al., 
2010). The internal structure of some mounds 
has been revealed by erosion, providing evi-
dence of the complex processes that occurred at 
depth. U-Th ages obtained for these carbonates 

vary from 5 to 135 k.y. (Dockrill, 2006; Kamp-
man et al., 2012). Evidences of fl ow paths are 
revealed by the bleaching of the red sandstones 
below the travertine mounds (Fig. 2A): CO2-
rich fl uid fl ows from depth along normal faults 
and their associated fracture networks. Figure 2 
shows a sketch of four processes involved in 
the building of these travertine mounds. The 
best-known process is the successive deposi-
tion of carbonate layers that precipitate as a 
result of degassing of water exiting springs or 
geysers. These “stratigraphic” travertine layers, 
with varying dip, develop from bottom to top 
(Fig. 2B) and are most often mixed with river 
sand or windblown particles that give them a 
dark color. Another type of common structure 
at depth are vertical fi ssures (Fig. 2C) fi lled with 
banded travertine (Hancock et al., 1999). Such 
structures have been studied in other regions to 
reconstruct regional tectonic stress variations 
(Faccenna et al., 2008; Uysal et al., 2007). Most 
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ABSTRACT
Travertine mounds form at the mouth of springs where CO2 degassing drives carbonate pre-

cipitation from water fl owing from depth. Building of such mounds commonly involves the suc-
cessive “stratigraphic” deposition of carbonate layers that precipitate from waters rising from 
depth along vertical to horizontal open fi ssures that are episodically sealed by radiating crystals. 
Much more intriguing structures can also be observed, such as widespread horizontal white 
veins of carbonate with vertical aragonite fi bers, parallel or oblique to the “stratigraphic” trav-
ertines, which extend laterally over distances of several tens of meters and could represent up to 
50% of the total volume of the travertine mound. Using highly precise U-Th dating, the growth 
direction of these horizontal veins is shown to be from top to bottom, and this fact clearly indi-
cates that they developed within the mound over a period of ~1000 yr for the vein analyzed. A 
vein growth mechanism is proposed that is able to uplift the rock above the vein thanks to the 
force of crystallization. The possible development of such structures in other places and the con-
sequences of reverse growth direction when interpreting travertine data are discussed.
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Figure 2. A: Sketch of a cross section of the travertine mound studied, with the various types 
of deposits (above). Normal fault trace is red, bleaching paths are yellow, and fl uid paths 
are blue. T—travertine mound; F—fault; S—sandstone. B: “Stratigraphic” surface travertine 
with bottom-to-top growth. C: Vertical fi ssure travertine with more or less symmetric banded 
growth from the vein-rock contact to center of the vein. D: Open self-supported cavities 
partially sealed with radiating carbonate crystals with evidence of dissolution and redepo-
sition (as stalactite-like structure). E: Horizontal white veins with incremental episodes of 
growth in the travertine mounds (T). F: Horizontal white veins extending laterally over large 
distances (hundreds of meters) in the surrounding sandstones (S).

Figure 1. Map of the study area. Location of 
the Little Grand Wash and Salt Wash faults 
in the Colorado Plateau (Utah), and simpli-
fi ed geological map with the location of the 
active geysers with fossil and active trav-
ertine deposits, Crystal Geyser (CG) on the 
Little Grand Wash fault and Ten Mile Geyser 
(TMG) on the Salt Wash fault. The travertine 
mound studied is labeled T1. Adapted from 
Dockrill (2006) and Frery (2012).
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often, in fi ssure travertine of this type, crystals 
can be observed to have grown from the vein-
rock contact to the center of the vein, more or 
less symmetrically (Fig. 2C). Connected to such 
conduits are typical open vertical to horizontal 
cavities partially sealed with radiating acicular 
calcite or aragonite crystals. Paired banded lay-
ers and bumpy surfaces face each other toward 
the center of the cavity (Fig. 2D) (Shipton et 
al., 2004). Evidence of dissolution or redeposi-
tion, such as stalactite-like structures (Fig. 2D), 
refl ect the permanent opening of such cavities 
with either deposition, or dissolution, or succes-
sively both, depending on the degree of satura-
tion of the fl uid. These three types of structures 
are commonly described in travertine mounds 
(Pentecost, 2005).

Much more intriguing structures are observed, 
such as the widespread horizontal white veins 
of pure carbonate that are oriented parallel or 
obliquely to the stratigraphic darker travertines, 
with vertical fi bers (Fig. 2E). The thickness of 
the veins varies from a few centimeters to tens 
of centimeters. These veins extend laterally over 

distances of several tens of meters and represent 
up to 50% of the total volume of the travertine 
mound (Fig. 3A). Such horizontal veins are also 
observed in the sandstone basement, away from 
the travertine but near the surface at less than 
10 m depth (Fig. 2F) and always in the vicin-
ity of arrays of bleached paths connected to the 
normal faults (Fig. 2A). These horizontal veins 
raise several questions: Do they develop at the 
surface in continuity with the stratigraphic trav-
ertine or are they internal structures that develop 
within the mound after it has been built? And in 
this latter case, what could be the growth mech-
anism since it must lead to uplifting of the rock 
above the vein (Fig. 2E)?

STUDY OF HORIZONTAL TRAVERTINE 
VEINS

We investigated one of these horizontal veins, 
27 cm thick, located in a travertine mound near 
the Crystal Geyser along the Little Grand Wash 
(arrow, Fig. 3A). Both microstructural observa-
tions of the successive layers and U-Th dating 
were performed on four carbonate samples col-

lected perpendicular to the growth banding (see 
Fig. 3B).

U-Th Dating
Samples of 2–3 g of pure aragonite were 

spiked with mixed 236U-233U-229Th and dis-
solved in nitric acid before separating the U and 
Th fractions using standard techniques. U-Th 
measurements were performed by thermal ion-
ization mass spectrometry (TIMS) using a VG-
Sector 54-30 mass spectrometer (Deschamps et 
al., 2012). Very high 238U concentrations (7.2–
9.2 ppm) combined with high 234U/238U ratios 
and low detrital 232Th concentrations result in 
U-Th age uncertainties of 0.15%–0.2% (2σ). 
Initial ratios, (234U/238U)0, are relatively constant, 
ranging between 4.19 and 4.26, and refl ect the 
broad constancy of the fl uid composition.

The four dating results indicate a vein growth 
from top to bottom: the youngest layer (5851 
± 10 yr) lies at the bottom of the travertine 
whereas the oldest (6830 ± 14 yr) is located at 
the top. Two intermediate samples were dated 
at 5922 ± 9 yr and 6355 ± 11 yr. The total vein 
building duration was ~1000 yr over the 270 mm 
width, with a mean growth rate of 0.27 mm/yr. 
Note also that the growth rate varied from 0.2 to 
0.92 mm/yr (Fig. 3B).

Microstructural Analysis
Structural and microstructural observations 

show both the general continuity of the growth 
of aragonite fi bers and some slight heteroge-
neity of the crystallization process at various 
scales. Veins banding with slight differences of 
color are seen at the decimeter scale (Fig. 3B), 
but do not show any clear correlation with stable 
isotope composition evolution (Frery, 2012). 
Near-horizontal parallel-to-the-vein undulating 
surfaces at the centimeter (Fig. 3C) to millime-
ter scale (Fig. 3D) are locally correlated to slight 
changes in aragonite fi ber growth direction and 
locally mark the site of aragonite replacement 
by calcite (Fig. 3D). However, some arago-
nite fi bers crosscut in continuity through these 
surfaces. Fan-shaped fi bers of both aragonite 
and calcite indicate the growth direction, from 
top to bottom. Arrays of vertical fractures and 
vertically elongated pores between the fi bers 
are often rooted on subhorizontal surfaces 
(Figs. 3E–3G). At a smaller scale, the develop-
ment of horizontal stylolites (Fig. 3H) indicates 
a vertical compressive stress. Altogether, these 
observations point to a near-continuous growth 
of the aragonite fi bers, from top to bottom, 
through the full width of the veins.

DISCUSSION AND CONCLUSIONS
The fi rst question to be asked is how can pre-

cipitation lead to an uplift of the rock above the 
vein. It may be considered that an increase in 
fl uid pressure up to the lithostatic value could 
open such horizontal veins. However, carbonate 

Figure 3. A: Horizontal white veins in eroded travertine T1 (see Fig. 1) with the dated vein 
(arrow). Horizontal veins are highlighted in white; vertical veins in yellow.  B: U-Th ages for 
four samples. Results range from 6830 to 5851 yr, and indicate a top-to-bottom growth direc-
tion. Red points indicate location of samples for chemical analysis (Frery, 2012). C,D: Near-
horizontal parallel-to-the-vein surfaces at centimeter (C) to millimeter scale (D) are corre-
lated to some slight changes in the direction of the aragonite fi bers (D), where a fan-shaped 
fi ber structure can be seen to have nucleated at the same horizontal location. E–G: Arrays of 
vertical fractures and vertically elongated pores (v) between fi bers (f) rooted on subhorizon-
tal surfaces.  H: Horizontal stylolite (s) indicating vertical compressive stress.
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precipitation requires a decrease in fl uid pres-
sure, so it would have to be assumed that the 
growth rate is faster than the rock collapse rate 
when the fl uid pressure decreases, which is not 
realistic for veins of such lateral extent. An alter-
native explanation is that such veins, growing 
against gravity, are linked to the force of crystal-
lization (Weyl, 1959), as suggested by several 
authors to explain the growth of some particular 
veins (Fletcher and Merino, 2001; Hilgers and 
Urai, 2005; Wiltschko and Morse, 2001). It has 
also been shown experimentally that mineral 
precipitation can uplift a dead weight (Taber, 
1916) and can induce intense fracturing (Noiriel 
et al., 2010). From equilibrium thermodynamic 
considerations, it is found that a crystal face 
subjected to a differential pressure ΔP (the dif-
ference between the surface normal stress and 
the pore fl uid pressure) is in equilibrium with 
a solution of supersaturation ratio Ω, defi ned 
as the ratio between the ion activity product in 
solution and the solubility product of the solid, 
through the following relation (Steiger, 2005):

 )(Δ = ΩP RT V/ lns , (1)

where R is the gas constant, T is the temper-
ature (K), and Vs is the molar volume of the 
solid. In this example of a horizontal vein, 
with top-to-bottom growth direction, precipita-
tion takes place at the lower vein-rock contact 
(Fig. 2E), in the thin fl uid phase with super-
saturation ratio Ω, which is trapped along the 
vein seam, and uplifts the rock above the vein 
if ΔP is greater than the lithostatic pressure 
caused by the weight of the rock column above 
the vein. Using Vs = 3.41 × 10−5 m3 mol−1, R = 
8.32 m3 Pa K−1 mol−1, T = 291 K, and a stress 
ranging from 25 to 250 kPa corresponding to 
the weight of 1–10 m of rock, respectively, the 
required supersaturation ratio Ω ranges from 
1.0008 to 1.008, indicating that a supersatura-
tion level in the range of 0.8–8 per mil is suf-
fi cient to uplift the observed mass of rock.

The veins have probably grown at much higher 
supersaturation levels than this value. At the low 
temperature and magnesium concentrations 
found in this system (Heath, 2004; Kampman et 
al., 2009), the presence of aragonite, a metastable 
phase, indicates that the fl uid may have experi-
enced a large, sudden increase in supersaturation. 
For example, aragonite forms in surface travertine 
deposits when the rate of CO2 degassing is suffi -
ciently high (Pentecost, 2005). Chemical analy-
ses from nearby springs (Heath, 2004; Kampman 
et al., 2009) also show that the fl uid supersatura-
tion ratio is much greater than that required for 
the observed uplift: the value of Ω calculated for 
aragonite is ~1.82 for the Crystal Geyser, and it 
varies from 1.12 to 4.9 for various geysers and 
bubbling springs in the region (Fig. 1).

Both observations and chemical data suggest 
that the veins form when the carbonate satura-

tion increases suddenly at depth. This is most 
likely caused by CO2 degassing. Chemical data 
from nearby springs (Heath, 2004; Kampman et 
al., 2009) show that fl uids in this system have 
very high concentrations of dissolved CO2: the 
partial pressure of gaseous CO2 in equilibrium 
with the fl uids sampled at the surface is pCO2 = 
100 kPa in the neighboring active Crystal Gey-
ser, and ranges from 50 to 150 kPa in the region. 
For comparison, pCO2 in dry air at 1 atm is only 
~35 Pa, which means that these fl uids are highly 
supersaturated compared to gaseous CO2. The 
solubility of CO2 increases with depth as fl uid 
pressure increases, so that fl uids at large depths 
are in equilibrium with carbonates. At some criti-
cal depth, fl uids become metastable with respect 
to the formation of CO2 bubbles (Fig. 4A, left). 
However, if the fl uid is confi ned inside small 
pores, bubbles will not nucleate before a very 
high supersaturation level is reached (Or and 
Tuller, 2002). The isotopic compositions of 
gases and fl uids erupting from the active Crystal 
Geyser were used by Assayag et al. (2009) to 
calculate the depth of bubble formation. They 
found that bubbles must have formed at a depth 
of less than 100 m. However, the Crystal Gey-
ser was formed in the borehole of an abandoned 
oil exploration well, and it can therefore be 
expected that fl uids will be largely unconfi ned 
in at least the upper 200 m. Conversely, in the 
context of the travertine veins, fl uids are con-
fi ned at depth in very small pores, which would 
be expected to suppress bubble formation quite 
considerably (Oldenburg and Lewicki, 2006). It 
is therefore likely that CO2 degassing has taken 
place in the upper 1–10 m, where the veins have 
been observed to form. Very high CO2 concen-
trations raise the carbonate solubility, producing 
a high calcium concentration in the pore fl uid. 
When CO2 ebullition occurs, the fl uid suddenly 
becomes highly supersaturated with carbon-

ate, triggering aragonite formation and vein 
development at the point where the CO2 gas is 
released (see Fig. 4A, right). The progressive 
development of the veins may be compared to 
the formation of a subhorizontal ice lens in a 
temperature gradient (Style et al., 2011): assum-
ing that there is some initial crack porosity in the 
rock, crystal growth in a small crack could cause 
it to extend subhorizontally and form a vein at 
the near-horizontal level of the CO2 degassing.

A kinetics approach is needed in order to inte-
grate the rate of mass transfer added to the vein. 
Diffusion in a stagnant fl uid cannot produce the 
fast growth rates observed unless the fl uid con-
centration (of dissolved calcium) is on the order 
of 1 M, which is unrealistic when comparing with 
the actual Ca concentration measured in neigh-
boring geysers and springs, which ranges from 7 
to 192 mM (Heath, 2004; Kampman et al., 2009). 
This means that precipitated material must have 
been supplied to the growing vein by fl uid fl ow 
(Fig. 4B). If the growth rate �h of the vein was lim-
ited by transport, it would be given by

 )(= −∞
�h V C C Qs v , (2)

where Cv is the equilibrium molar concentration 
of Ca at the base of the vein, C∞ is the concen-
tration of Ca at depth, and Q is the volume fl ux. 
To test the hypothesis, it was assumed that Q 
is compatible with a typical desert evaporation 
rate of 10 m/yr, with the idea that all the water 
that percolates through the veins must evaporate 
when reaching the surface. In order to produce 
the observed growth rate of 0.27 mm/yr, the 
value of C∞ – Cv would need to be 0.8 mM, a 
value that agrees well with the observed Ca con-
centrations and required supersaturation.

As demonstrated by the dating results, 
growth occurs at the base of the vein. It may 
be considered that most of the excess material 

Figure 4. A: Model of car-
bonate precipitation at 
depth. Note that slopes 
and values are only quali-
tative, for illustration pur-
poses. Dotted lines show 
equilibrium concentra-
tions. Black lines show 
fluid concentrations. 
When fl uid concentration 
is to the left of the dot-
ted line, the fl uid is un-
dersaturated; where the 
two lines cross, the fl uid 
becomes supersaturated. 
Left-hand side shows how the equilibrium concentration of CO2 increases with depth: CO2 
concentration is assumed to be nearly constant at depth. At shallow depth, where black line 
crosses the dotted limit, the fl uid becomes metastable with respect to CO2 degassing. When 
the supersaturation level is suffi ciently high for bubble nucleation, degassing takes place. 
Right-hand side shows how fl uid is initially undersaturated with respect to calcium concentra-
tion, which is also assumed to be nearly constant at depth. When CO2 leaves the system, the 
equilibrium concentration of calcium decreases dramatically, and aragonite precipitates. The 
largest volume precipitates at the base of the vein, where the supersaturation is highest. B: 
Growth of carbonate crystals with top-to-bottom growth direction resulting from the carbon-
ate crystallization force triggered by CO2 degassing at shallow depth.
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is consumed there and that the fl uid fl owing 
through the veins is close to equilibrium with 
the carbonate in the vein. Observed local cal-
cite growth, at the expense of the initial arago-
nite fi bers (Fig. 3E), may be an effect of such 
fl uid fl ow through the veins: it has been shown 
(Perdikouri et al., 2008) that the transformation 
of aragonite to calcite takes place by the disso-
lution of aragonite and precipitation of calcite 
in the presence of a hydrothermal phase, with 
the presence of such a fl uid phase being criti-
cal for such a transformation. The veins display 
a network of vertical fractures and elongated 
pores between the vertical fi bers (Figs. 3F and 
3G). Although this aspect of the process has not 
been quantifi ed, it is worth noting that this could 
accommodate the CO2 bubble transport through 
the vein. From microstructural observations, 
growth increments cannot really be separated. 
Crystallization is more or less continuous over a 
duration of about one millennium, even if some 
heterogeneities of growth are seen, such as fan-
shaped fi bers growing from the same horizontal 
location or a horizontal alignment of fractures 
and pores. Horizontal stylolites (Fig. 3H) could 
be linked to dissolution of the fi bers after their 
growth, as predicted when mineral growth is 
faster than the fracture opening (Bons, 2001) or 
when mineral growth increases stress in its sur-
rounding volume (Merino et al., 2006).

In conclusion, in order to explain the results 
obtained from U-Th geochronological dating, 
which showed that horizontal travertine veins 
grow from top to bottom, uplifting the rock 
above them, it is suggested that such a vein 
growth process is driven by the carbonate crys-
tallization force triggered by CO2 degassing at 
1–10 m depth. This mechanism of vein growth is 
widespread, as it has produced up to half of the 
total volume of travertine mounds along the Lit-
tle Grand Wash and Salt Wash faults in Utah. It 
could be found in other travertines in the world. 
This study also shows that great care must be 
taken when interpreting travertine data from 
samples removed from drill holes, for paleo-
climatic or paleomagnetic records (Andrews, 
2006), because the ages of successive layers are 
not necessarily continuous from bottom to top 
in stratigraphic order. Finally, these veins also 
develop in the sandstone basement away from 
the travertine but always at limited distance from 
the fault that probably acts as a transitory fl ow 
path at regional scale. This may happen in other 
geological contexts where CO2 degassing could 
drive mineral precipitation from carbonate-rich 
fl uid fl owing from depth along active faults.
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