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THE LA MADERA TRAVERTINES, RIO OJO CALIENTE,

NORTHERN NEW MEXICO: INVESTIGATING THE LINKED

SYSTEM OF CO,-RICH SPRINGS AND TRAVERTINES AS
NEOTECTONIC AND PALEOCLIMATE INDICATORS

'Department of Earth and Planetary Science, University of New Mexico, Albuquerque, NM 87131; Icrossey@unm.edu
Los Alamos National Laboratory, Earth and Environmental Science Division (EES-14), MS J966, Los Alamos, NM 87545;

AsstrRACT—The La Madera travertine and CO,-rich spring system of northern New Mexico provides a linked data set to
examine neotectonics and mantle-to-surface fluid interconnections in the area of intersection of the Rio Grande rift and Jemez
lineament. Water chemistry modeling shows that most of the CO, is endogenic (derived from deep geologic sources), with
subordinate amounts from dissolution of carbonate and from organic sources. Spring waters are high in arsenic, salts, and
metals that mix with and detract from water quality in the regional aquifers, potentially including the Buckman wells near
Santa Fe. *He/*He data from CO,-rich hot and cool springs have values ranging from 6.16 to 0.09 R, (77 to 1% mantle helium),
with highest values in the Valles caldera, approaching MORB values (8 R, ). Mantle degassing is interpreted as a neotectonic
signal of active upwelling of asthenospheric mantle beneath the Jemez low seismic velocity mantle anomaly. These CO, vents
align along the NE- and N-trending, tectonically active, extensional faults and fault jogs that parallel the Jemez lineament. The
regional continuity and neotectonic activity along these structures suggest an active Embudo-Jemez transfer zone that extends
through the Albuquerque, Espaiiola, and San Luis basins. Endogenic fluid flux along this zone takes place in fault systems and
is driven by geothermal pressure gradients. Travertines are deposited by CO,-rich waters that ascend along faults and hence
they provide a record of past and ongoing mantle *He and CO, degassing. U-series dating so far, with ages back to >500 ka,
suggests an episodicity in deposition of large volumes of travertine that may reflect regional wet periods with high groundwater
head. Abundant deposition in the 200-100 ka range may provide a local record of the transition from the penultimate glaciation
(135 ka) to the ensuing interglacial (125 ka) that is documented globally by the transition from marine oxygen isotope stage
6 to oxygen isotope stage 5. U-series dates on travertine-cemented terraces also provide precise river incision rates that vary
from 100-300 m/Ma indicating differential landscape evolution across the region influenced by both regional tectonism and
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climate change.

OVERVIEW

Extensive travertine deposits that we refer to as the La Madera
travertines occur along the Rio Ojo Caliente near La Madera, NM
(Fig.1), and the springs in the region continue to deposit traver-
tine today. These travertines are datable with high-precision ura-
nium-series methods now capable of obtaining age uncertainties
of'less than 1%. Thus, the travertines preserved in this landscape
provide a potentially powerful tool for understanding paleohy-
drology (Goff and Shevenell, 1987), paleoclimate (Winograd et
al., 1992), and differential river incision (Pederson et al., 2002).
Travertine deposits precipitate from CO,-rich groundwaters issu-
ing from springs aligned along the normal fault at the base of La
Madera Mountains (Fig. 2). Travertine forms several modern and
extinct spring-mound deposits. Large platforms of flowstone are
at a similar elevation to mapped fluvial terrace gravels (Newell
et al., 2004), and locally cement fluvial terrace gravels of the Rio
Ojo Caliente (Koning et al., 2011). Here we report spring water
geochemistry in the La Madera area, discuss travertine forma-
tion, report ages of travertines in the La Madera area, and com-
pare this occurrence to other regional travertines and CO,-rich
springs in northern New Mexico.

TRAVERTINE AND TRAVERTINE FORMATION
The term travertine (originally Tivertino, tiburtinus and trav-

ertino, among others) has its origin from the Roman location of
Tivoli, a town east of Rome where extensive quarries, still active

today, are found. Travertine exhibits striking banding, and can
be translucent with spectacular botryoidal fabrics. It has been
found in cultural artifacts (travertine pendants in New Mexico;
Zeigler et al., 2011); it also served as the source stone for Canopic
jars in early Egyptian usage. Travertine is used extensively as
architectural stone, and many classic Roman buildings (the Pan-
theon and Coliseum, for example) are built from travertine. In
New Mexico, active quarries east of Belen have supplied stone
for the construction of the State Capital building and buildings
at the University of New Mexico. Many geologic definitions of
travertine may be found in the literature. Excellent summaries of
travertines are presented by Pentecost (2005) and Alonso-Zarza
and Tanner (2010a,b). We follow the inclusive definition of Pen-
tecost (2005, p. 2):

A chemically-precipitated continental limestone
formed around seepages, springs and along streams and
rivers, occasionally in lakes and consisting of calcite or
aragonite, of low to moderate intercrystalline porosity and
often high mouldic or framework porosity within a vadose
or occasionally shallow phreatic environment. Precipitation
results primarily through the transfer (evasion or invasion)
of carbon dioxide from or to a groundwater source leading
to calcium carbonate supersaturation, with nucleation/crys-
tal growth occurring upon a submerged surface.

While unwieldy, this definition allows for broad application to
modern and ancient deposits. Note that calcretes and speleothems
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FIGURE 1. Tectonic map of the Embudo- Jemez transfer zone formed at the intersection of the Rio Grande rift and Jemez lineament (map modified
from Newell et al., 2004). Neotectonic features of this area include: Quaternary extensional and transtensional faults, Plio-Pleistocene volcanic fields
(line pattern), springs with mantle *He (white dots; keyed to Table 2), and Quaternary travertine deposits (keyed to Table 3).
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FIGURE 2. Geologic map of the study area (from Koning et al, 2011). Travertines form two prominent platforms: one east of the Rio Ojo Caliente and
a higher and older platform on the western side of the valley. Circles indicate the location of the analyzed springs (with two along the river). Locations

of the dated travertines are denoted with stars (see Table 3).

are special cases, referring to soil and cave environments of for-
mation specifically. Some workers refer to travertine formed
in lacustrine environments as tufa (these are often irregular in
shape and highly porous and may contain other minerals than
calcite); hot spring deposits, often referred to as sinters, may be
composed dominantly of silica. Note that carbon dioxide is a key
component of travertine formation. A case of travertine forma-
tion in ultramafic rocks in ophiolites and/or serpentinized areas
reflects extremely high pH waters that can react with atmospheric
or soil gas CO, to precipitate travertine. The far more common
occurrence (and the mode of formation at La Madera) involves

degassing of highly CO, -charged groundwaters as they emerge at
the low- P, surface environment, resulting in the precipitation
of CaCO, as travertine.

A groundwater capable of producing travertine necessarily
requires both dissolved inorganic carbon (DIC) and calcium.
Such a solution is commonly formed when a source of CO, com-
bines with water to produce carbonic acid. This corrosive fluid
then leaches calcium (among other solutes) from surrounding
rock. In some instances (especially geothermal settings), ground-
water may leach calcium from silicate rocks. Most importantly,

carbonate sedimentary strata are readily soluble by corrosive
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fluids and can contribute both calcium and additional carbonate
to the dissolved load. The chemical reaction is:
Step 1. CO

+H,0 + CaCO — Ca?*+ 2HCO,

2 (external) 3 (e.g. limestone)

Step2.Ca?*+2HCO —CO

3 (insolution)

+H,0+CaCO

2 (degassing) 3(travertine)

Step 1 represents the acquisition of the solute load from car-
bonates (e.g. limestone in the aquifer) under some condition of
excess CO, (shown in BOLD) relative to typical atmospheric
concentrations. We call this the external CO,. Step 2 represents
the degassing of CO, and the formation of travertine. Note that
the CO, that we actually measure at a spring contains the homog-
enized carbon isotopic composition of both the external CO, and
any CO, from carbonate rocks ‘digested’ along the hydrologic
flow paths. Carbonates encountered along flowpaths are often
marine (for example the Pennsylvanian Madera Limestone), with
an isotopic 8"°C value that is near 0 permil (%o) relative to the
standard (PDB: a marine fossil, the PeeDee belemnite). Impor-
tantly, for each mole of carbon precipitated as calcite in traver-
tine, an equivalent mole of carbon dioxide degasses to the atmo-
sphere. Thus extensive travertine accumulations represent only a
portion of the CO, transported from deep sources to the surface.
Also note that large amounts of external CO, are required to pro-
duce the supersaturated spring waters from which travertine is
produced. Large volumes of travertine require a combination of
high water discharge, abundant external CO,, and large amounts
of time. The percolation of meteoric water through limestone
without a significant external carbon input will not alone provide
sufficient chemical ‘leverage’ to transport the necessary solute
load to produce large volumes of travertine. A common example
of low external CO, systems is the infiltration of meteoric water,
with a tenfold increase in CO, due to soil microbial respiration
- this process results in the formation of many vadose cave spe-
leothems (see Ford and Williams, 2007). Accumulation rates are
relatively low (mm/ky), and this external CO, is characterized by
a low 8"C value consistent with an organic source on the order of
-30 %o. A high CO, system, commonly found in volcanic environ-
ments in association with geothermal systems, would be charac-
terized by much higher solute loads, depositional rates as high as
cm/yr (though a wide range is observed), and higher 6'*C values
of -10 to above 0 %o are measured. Examples and case studies
may be found in Turi (1986), Fouke et al. (2000), Chafetz and
Folk (1984), and Crossey et al. (2006).

Travertine deposition often occurs on slopes (ranging from
gentle to steep), with inclined primary bedding. For example,
Figure 3 shows both active modern (3a) and extinct older (3b)
travertine drapes at La Madera. Laminations and banding are
commonly observed at the millimeter- to centimeter scale, and
have been shown in many case studies to result from daily and sea-
sonal growth patterns. When degassing is rapid due to turbulence
caused by water falls, flow over obstacles, and channel irregulari-
ties, the waters become more supersaturated with respect to cal-
cite. Precipitation (formation of travertine rock) takes place, not
only at the spring vent (Figs. 4a and 4b), but as hanging curtains
associated with waterfalls (Figs. 4¢), finely-laminated flowstones,

FIGURE 3. a. Holocene travertine drape is forming near river level as
CO,-rich waters pour over and de-gas at vegetated modern waterfall. b.
High travertine drape formed in a similar way 100-200 thousand years
ago, when river was in a higher landscape position

terraced pools (Figs. S5a and 5b), and coatings on objects in the
stream (Fig. 4d). In active systems, a positive feedback between
the growth of dam structures and enhanced degassing is very
common at scales from millimeters to decimeters. The migration
of dam structures on sloping surfaces results in undulatory bed-
ding (Figs. 5a and 5b). Generally, dam spacing decreases as slope
steepness increases. Travertines forming in pools behind dams
or in marsh environments are rarely bedded and can be micritic
suggesting slow calcite precipitation, whereas dams and drapes
are typically sparry and fibrous, indicative of higher rates of pre-
cipitation. Biological influences may be seen in the form of bacte-
rial and algal laminations; bryophyte, charophyte and reed casts
(Fig. 5¢); and leaf, stick, and tree casts (Fig. 5d). Distal to spring
orifices, carbonate may form as cement associated with alluvium
(Fig. 4d). Beautifully banded carbonate cements can form under
river water in gravel channels due to groundwater outlets. Caves
often develop within drapes and waterfalls due to underflow of
water through previously deposited travertine. These deposits can
include botryoidal textures indicative of calcite growth into open
space (Fig. 5e) and banded flowstone and speleothems (Fig. Se).
Caves within drapes may contain younger calcite as veins and
cave infillings within previously deposited travertine while the
overall platform is still hydrologically connected and the local
groundwater table migrates up or down through the deposit with
changing head and flowpaths. These infillings are relatively pure
calcite and attractive to date, but they only provide minimum
ages on the stratigraphic travertine layers they cross cut (Fig. 6a).
Clastic travertine composed of locally-derived intraclasts, as well
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FIGURE 4. Active CO,-springs in the La Madera travertine area include: a. spring on top of travertine platform, b. spring orifice and ongoing cementa-
tion of vegetation, c. waterfall at N end of outcrop is creating the Holocene to ongoing drape. d. underflow through caves pouring out into the Rio Ojo

Caliente and cementing modern river gravels.

as slope wash or stream sediments, are also locally abundant. An
often overlooked expression of travertine is as calcite cements
within fault zones and in regional aquifers.

WATER GEOCHEMISTRY IN THE LA MADERA
SPRINGS AND REGIONAL GROUNDWATER
IMPLICATIONS

Travertine deposits need to be understood in the context of
the waters that deposit them. Travertine-depositing spring waters
are distinctive—they commonly represent the mixing of “upper
world” (epigenic) groundwaters derived from surface recharge
with “lower world” (endogenic) fluids that carry very high min-
eral loads (dissolved salts) and high levels of carbon dioxide and
other exotic gases from deep within the Earth. While the springs
can issue from specific stratigraphic horizons, at La Madera and
many other locations in northern New Mexico they are also asso-
ciated with faults. The active travertine-depositing springs pro-

vide a window into subsurface hydrologic mixing of shallow and
deep fluids.

The traditional view of the hydrologic cycle focuses on con-
nections to Earth’s surface-water circulation. Surface water,
derived from snow melt and rainfall percolate through near-sur-
face sediments and rocks over thousands of years to become deep
groundwater. But, while important, the top-down water story is
incomplete. A more complete model (Crossey et al., 2006; 2009)
considers an additional “lower world” component to the ground-
water system: deeply circulated groundwaters that rise along fault
conduits and mingle in the groundwater system, occasionally, as
at La Madera, emerging through spring vents. The relative pro-
portion of the upper world and lower world waters differs from
spring to spring and can be determined by analyzing the water
chemistry and especially certain distinctive tracers, or chemical
travelers, from the deep. The travertine-depositing springs are
a subset of groundwaters with very special characteristics. For
example, their flow is relatively constant, they are commonly
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FIGURE 5. Travertine facies: a. Schematic of travertine rimstone dams (modified from Pentecost, 2005); b. observed sinuous rimstone dams on top of
La Madera travertine platform; c. porous facies represents cementing of vegetation. d. large stick casts in travertine, e. botryoidal textures, f. flowstone
textures in caves indicates underflow through drapes; sample K03-LMS5, from location of chisel, is 89 ka (see Table 2).

warm, and low in dissolved oxygen. Thus, sidestreams contain-
ing base flow derived from such springs do not provide habitat
suitable for fish species such as trout, which require colder, oxy-
gen-rich waters. However, the travertine springs do provide habi-
tat for many endemic species (especially invertebrates and other
aquatic life) and the mouths of these sidestreams are preferred
breeding areas for fish such as the endangered humpback chub
(along the Colorado River) and the desert pupfish in the Ameri-
can Southwest. The geochemistry of these waters and the gases
they contain tell a remarkable tale about the origin of the waters
and the resulting travertine deposits (Crossey et al., 2006; 2009).

Table 1 presents water chemistry for springs, groundwaters,
and the Rio Ojo Caliente in the La Madera area. Geochemi-
cal modeling (using PHREEQC, Parkhurst, 1995) shows that,
especially near spring sources, the waters show extremely high
partial pressures of CO,. Spring sources are typically undersatu-
rated with calcite at these high PCO, values, but would be highly
supersaturated as degassing of CO, occurs (note that calcite satu-
ration indices tend to increase as PCO, of waters decreases in
Table 1). Figure 7 is a Piper diagram that shows the geochemistry
of La Madera spring waters compared to other groundwaters in
the region. In this diagram, cations are plotted in the lower left



