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A QUATERNARY RECORD OF EPISODIC SPRING

DISCHARGE AND RIVER INCISION IN THE

JEMEZ MOUNTAINS

APRIL JEAN'!, LAURA J. CROSSEY"!, KARL E. KARLSTROM!, VICTOR J. POLYAK',
AND YEMANE ASMEROM!
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ABsTRACT—This paper uses the extraordinary field laboratory of Soda Dam, an iconic travertine deposit in New Mexico, to analyze the
history of interactions of magmatism, paleohydrology, and tectonics in the Jemez Mountains hydrothermal system. We dated 37 samples
via uranium-series (U-series) geochronology to constrain the timing of travertine deposition at Soda Dam. Travertine U-series dates (n =
35) and 6**U model ages (n = 2) range from 7554212 ka to 2.14+0.03 ka. These data demonstrate that the hydrothermal system has been
episodically active over the past ~1 million years with main episodes around 500, 210, 120, and <10 ka. Age modes do not correlate well
with glacial-interglacial periods or with periods of volcanism. Younger infillings within older travertine deposits, including in the highest
accumulation, suggest that travertine deposition was linked to periods of high head in the Valles Caldera recharge region for the Jemez River
and artesian fault conduits. These episodes may record intervals when major caldera lakes occupied the Valles caldera at ~500 ka, during the
climatic transition from MIS 6 to 5 (~120 ka), during MIS 5C (~100 ka), and at the beginning of the Holocene.

INTRODUCTION

The travertine-depositing hot springs at Soda Dam, New
Mexico, provide an unparalleled field laboratory that preserves
a datable record of the interactions between the dormant Qua-
ternary Valles Caldera supervolcano system, high-elevation
caldera lakes, a single river outflow, and a groundwater system
involving mixed geothermal and meteoric waters. This system
records marked paleohydrologic changes that occurred while
the Jemez River incised San Diego Canyon following the last
major ignimbrite eruption of the Valles Caldera 1.23 million
years ago. The ability to link modern processes to a long-lived
travertine record is helpful for understanding the interactions
among tectonic, magmatic, and climatic processes that shape
landscapes and influence groundwater quality. Soda Dam itself
is a vein-fed fissure ridge that has intermittently and partially
dammed the Jemez River (Fig. 1). Previous work has suggested
that travertine deposition in the arid Southwest may be episod-
ic and associated with wet conditions (Szabo, 1990; Asmerom
et al., 2006; Crossey et al., 2006; Embid, 2009; Priewisch et
al., 2013). Ancient travertine deposits positioned high in the
landscape are resistant to weathering in arid climates and can
preserve fragments of past landscapes. In incising landscapes,
travertine can cement and thus record changing base level and
associated incision rates in southwestern river systems (Peder-
son et al., 2006; Karlstrom et al., 2008). In situations of long-
lived spring-fed travertine platforms and inverted topography,
the presence of younger travertine infillings within older accu-
mulations can provide insight into past hydrologic conditions,
including fluctuation in the elevation of local hydrologic head
through time (Priewisch et al., 2013). Thus, U-series dating of
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FIGURE 1. Index map (DEM) of the Jemez Mountain region of northern New
Mexico. Lighter colors are higher-elevation regions. The Jemez Mountains
and Valles Caldera are located at the intersection of the Rio Grande rift and
Jemez lineament. Neotectonic features of this area include Quaternary exten-
sional and transtensional faults, Plio-Pleistocene volcanic fields (line pattern),
carbonic springs with mantle *He and high CO, (white dots), and Quaterna-
ry travertine deposits (stars). The cross-section line for Figure 2 is shown in
white.
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geologically well-constrained travertine occurrences has rich
potential for constraining past paleohydrology and paleoland-
scape evolution.

The Soda Dam study area is located along the Jemez fault
zone where it crosses the Jemez River of San Diego Canyon,
the main perennial discharge from the Jemez Mountains. The
Valles Caldera, headwaters of the Jemez River, was the center
of massive rhyolite ash-flow tuff eruptions at 1.62 and 1.23 Ma
(dates from Nasholds and Zimmerer, 2022). Hence its traver-
tine record may provide insight into the interplay of magma-
tism, faulting, climate, and groundwater. The modern Jemez
Mountains hydrothermal system overlies a shallow magma
system at 3—10 km depth near the center of the caldera that may
contain melt fractions up to ~20% (Wilgus et al., 2023, and
references therein). Outflow of geothermal waters follows the
Jemez fault system to the southwest in a fault-influenced set of
flow paths subparallel to the Jemez River in San Diego Can-
yon. The hydrothermal system is recharged by meteoric wa-
ter that infiltrates primarily within the high elevation (>3 km)
watersheds of the Valles Caldera. A fault-parallel cross section
(Fig. 2; Goff, 2009) postulates that geothermal waters mix with
meteoric waters along the various strands of the Jemez fault
zone that include the Soda Dam fault, feeding a series of hot
and warm springs. The Jemez River, springs, and groundwater
aquifers have variable hydrochemistry that indicate complex
mixing between different water sources (Goff and Janik, 2002;
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McGibbon et al., 2018).

The goals of this paper are to provide descriptions, accumu-
lation volumes, and U-series dates for the travertine deposits
of the Soda Dam system. We also provide a more detailed map
using recent work of Moats (2004) and Kelley et al. (2003)
and additional field mapping to refine locations of travertine
deposition and their relationship to faults and river terraces.
Jean (2012) evaluated conditions of modern and past travertine
deposition using stable isotopes of carbon and oxygen mea-
sured in travertine, modern water, and CO " but those data

2(gas
are not reported here and are beyond the scope of this paper.

TRAVERTINE FORMATION AND CO, ORIGINS

The term travertine is used here in the broad sense to in-
clude freshwater carbonate deposits that precipitate through
degassing of carbon dioxide (CO,) from a groundwater source,
leading to calcium carbonate supersaturation and carbonate
precipitation in a variety of depositional environments (Pen-
tecost, 2005). Travertine deposition involves acquisition of
solutes in groundwater from the host rock through dissolution
due to excess CO, (carbonic acid, H,CO,, when dissolved),
aqueous transport of the dissolved solutes through the aquifer
system, and deposition of travertine (usually as calcite, CaCO,)
at a discharge location (Crossey et al., 2009).

Hydrothermal waters (~47°C) that are associated with volu-
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FIGURE 2. Fault-parallel northeast-southwest cross section of the Jemez Mountains hydrothermal system from Valles Caldera to Jemez Springs (modified from
Goff, 2009; see Fig. 1 for location). Red arrows depict endogenic waters moving upward along faults and mixing (orange arrows) with meteoric waters (blue arrows)
in Paleozoic aquifer units and fractured basement. Dashed lines are isotherms. Flow of the hydrothermal plume down San Diego Canyon parallels the surface flow
and follows the complex Jemez fault zone. Soda Dam and Jemez Springs are windows where supersaturated carbonic waters that contain mantle *He ascend to the
surface, degas CO,, and precipitate travertine. Locations and depths of wells are from Goff (2009).
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minous travertine deposition at Soda Dam are highly charged
with CO, and have amassed a large dissolved calcite load,
which partially neutralizes acidic pH and increases the con-
centrations of calcium and magnesium and the alkalinity of the
groundwater (Crossey et al., 2006, 2009). When these waters
emerge at the spring vent, they are exposed to the lower P,
of the atmosphere, causing CO, degassing and travertine pre-
cipitation.

High *He/*He ratios in many travertine-depositing springs
and groundwaters of the Jemez Mountains indicate the pres-
ence of volatiles that were derived in part from the mantle
(Goff and Janik, 2002; Newell et al., 2005; Crossey et al.,
2011). *He/*He ratios measured in deep geothermal wells (Baca
wells) are as high as 5.72 R, and Sulphur Springs ratios in
the Valles Caldera reach up to 6.16 R, (Goff and Janik, 2002),
where R, = air *He/*He = 1.384 x 10°°. Average mid-ocean ridge
basalt (MORB) values are ~8 R,. Thus, at Sulphur Springs,
about 75% of the total helium is derived from the mantle. CO,,
the carrier gas for the helium, is also mainly of mantle origin
(Ballentine and Burnard, 2002; Ballentine et al., 2002; Crossey
et al., 2011). Mixing occurs between hydrothermal waters and
meteoric waters, and consequently Soda Dam spring waters
have lower *He/*He of 0.84+0.05 R, (Goff and Janik, 2002)
than the deep geothermal wells or inner caldera springs. This
value suggests about 10% of the helium at Soda Dam is of
mantle origin.

GEOLOGIC AND HYDROLOGIC SETTING OF THE
SODA DAM SYSTEM

Soda Dam is a popular tourist attraction with cultural signif-
icance for local Native American communities. The travertine
deposits are situated along the Jemez River, which cuts through
the Jemez Mountains from the caldera rim, down the south-
western flank of the Jemez Mountains volcanic field, and even-
tually drains into the Rio Grande. The Jemez Mountains vol-
canic field contains an array of basaltic through rhyolitic rocks
but is most widely recognized for the massive caldera-forming
supervolcano eruption events that took place 1.62 and 1.23 Ma
(Nasholds and Zimmerer, 2022) creating the Toledo and Valles
Calderas, respectively, and producing ~2,000 km* of erupted
material (Goff, 2009).

The Jemez Mountains lie along the tectonically and mag-
matically active Jemez lineament and straddle the boundary
between the Colorado Plateau and the Rio Grande rift. The
Soda Dam travertine deposits are located 3 km southwest of
and 1000 m down-elevation-gradient from the Valles Caldera,
where the Jemez fault zone crosses the Jemez River. This fault
zone acts as a subsurface conduit within several permeable Pa-
leozoic aquifer units and fractured basement, channeling hy-
drothermal and meteoric waters through San Diego Canyon.
The Soda Dam fault, one strand of the Jemez fault zone, was
initially a southeast-side-up Laramide reverse fault and is par-
allel to the steeply dipping limb of a monoclinal bend in the
Paleozoic strata (Fig. 3). This and adjacent strands have been
reactivated as normal faults and offset Pennsylvanian-Permian
rocks by 200-250 m and the upper Bandelier Tuff 15 m west

of Soda Dam (Kelley et al., 2003).

The high-elevation caldera watershed has varied over time,
from grasslands with shallow groundwater to marshes and cal-
dera lakes, depending on seasonality and climate shifts. San
Diego Canyon has served as a drainage outlet for the head-
waters that form within the Valles Caldera since the Pliocene,
when the paleocanyon’s axis was positioned west of the mod-
ern canyon (Kelley et al., 2003). The paleocanyon was filled
with 1.85 Ma La Cueva Member of the Bandelier Tuff, but
continued to incise on the western paleoaxis, as indicated by
gravel deposits between the La Cueva and Otowi Members of
the Bandelier Tuff, which capped the 1.62 Ma landscape (Kel-
ley et al., 2003; Goff, 2009). River gravels are preserved in
several locations between the lower Otowi and upper Tshirege
Members of the Bandelier Tuff (Kelley et al., 2003). Parts of
the post—1.23 Ma reincision history of San Diego Canyon is
recorded by travertine deposits at Soda Dam.

Caldera lakes have occupied the Valles Caldera numerous
times since the eruption of the upper Bandelier Tuff. The first
paleolake occupied the caldera just following the 1.23 Ma
eruption and likely drained due to the resurgent dome rising at
a rate of 0.1 ft/yr for 30 ka (Goff, 2009; Fawcett et al., 2011).
Subsequent small rhyolitic eruptions blocked surface drainage,
forming lakes around 0.8 Ma (Goff, 2009; Fawcett et al., 2011).
The San Antonio and South Mountain dome rhyolitic eruptions
dammed the Jemez River, forming a relatively persistent lake
in the Valle Grande for at least 189 ka, from 520 ka to approx-
imately 360 ka, as documented from an 82-m lacustrine sedi-
ment core (VC-3; Fawcett et al., 2011). The last eruption series
in the Jemez Mountains was the Battleship Rock Tuff and El
Cajete Pumice beds at 74 ka, followed by eruption of the Ban-
co Bonito lava flow at about 68 ka. El Cajete Pumice blocked
the East Fork of the Jemez River and formed a short-lived lake
in the Valles Caldera (Goft, 2009).

A large groundwater reservoir in the modern Valles Cal-
dera occurs in the subsurface caldera-fill tuff and associated
sedimentary rocks (Goff and Gardner, 1994). Stable isotope
analysis of streams and groundwaters reveals 8D values that
are consistent with meteoric recharge within the Valles Caldera
(Heinken et al., 1990). Meteoric recharge infiltrates to depths
of approximately 2-3 km, where it is heated to temperatures
>300°C and mixes with CO,-rich endogenic fluids that rise
within the complex fault system (Fig. 2; Heinken et al., 1990;
Goff, 2002). The thermal waters are convected to approximate-
ly 500-600 m in depth before migrating downgradient through
the Jemez fault zone and local aquifer units (Heinken et al.,
1990).

Deep reservoir fluids that have been encountered by the
Baca wells in Redondo Creek Graben and similar waters reach
the surface naturally at Sulphur Springs (Fig. 2). These endog-
enic waters are similar with respect to ratios of conservative
tracers (B/Cl, Br/Cl, and Li/Cl) to the fluids discharged by hot
springs at the Soda Dam location (Goff and Gardner, 1994).
These are neutral pH-chloride waters with total dissolved sol-
ids (TDS) averaging 7,000 mg/L; concentrations of Na + K
exceeding Ca + Mg; high concentrations of SiO,; and high As,
B, Br, Cs, Li, and Rd concentrations (Goff and Gardner, 1994).
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FIGURE 3. Geologic map of the Soda Dam study area (modified from Goff and Shevenell, 1987; Kelley et al., 2003; and Moats, 2004) depicting locations of the
main travertine deposits, active springs, and major faults that act as fluid conduits. Sample numbers correspond to Table 1. Location of the B-B’ cross-canyon profile
of Figure 8 is shown. The A-A’ cross section shows Laramide reverse faults reactivated by Quaternary extension.
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Water from wells and inner caldera springs have relatively pos-
itive 8'%0 values of -8.41 to -9.96%o (Vuataz and Goff, 1986;
Goff and Janik, 2002), which are characteristic of hydrother-
mal systems.

The Soda Dam area contains approximately 20 active ther-
mal and nonthermal springs and seeps that deposit travertine
both within and near the banks of the Jemez River (Fig. 3).
Temperatures of the springs at Soda Dam are relatively con-
stant; the main hot spring on the west side of the highway
emerges at approximately 47°C and the “Grotto” spring,
bubbling up inside Soda Dam itself (Deposit D) emerges at
approximately 27°C (Goff and Shevenell, 1987; Jean, 2012).
Travertine accumulations are present on both sides of the can-
yon and extend to elevations >200 m above the river; these
high-elevation deposits are not associated with presently active
springs or seeps but were deposited around paleospring vents
and fissures that were analogous to the modern system (Goff
and Shevenell, 1987; Moats, 2004). Thus, all of the travertine
outcrops near Soda Dam are considered jointly here under the
heading of “Soda Dam travertine.” The unique tectonic, hy-
drogeologic, and geomorphic setting of Soda Dam is such that
travertine deposition has interacted with paleohydrology and
canyon incision for much of the Quaternary history of San Di-
ego Canyon. Goff and Shevenell (1987) used U-disequilibrium
dating to determine that travertine deposition at Soda Dam has
been episodic for the past 1.0 Ma, and they recognized four
main deposits: (1) Deposit A is the high platform developed
on the western side of San Diego Canyon. (2) Deposits B and
C are inactive fissure-ridge and mound travertine deposited on
the eastern banks of the Jemez River. (3) Deposit D is the Soda
Dam. Carbonate dating by Goff and Shevenell (1987) took
place at an earlier stage in the development of U-series dating
and used an alpha counting technique that is less precise and
less accurate than the current methods discussed in this pa-
per, which used mass spectrometry. Despite the improvement
of techniques through time, the relative ages of the deposits
established by Goff and Shevenell (1987) served as a useful
framework for this study.

METHODOLOGY

Subsamples selected for U-series geochronology were
drilled powders that were dissolved in 15N nitric acid and
spiked with a mixed solution containing known concentrations
of 2°Th, #*U, and #*°U. Procedural blanks are between 5 and 30
pg for both #2Th and ***U. All laboratory work was completed
in the Radiogenic Isotope Laboratory at the University of New
Mexico using a Thermo Neptune multicollector inductively
coupled plasma mass spectrometer following the standard pro-
cedures of Asmerom et al. (2006) and using the decay con-
stants of Cheng et al. (2013). For samples outside of U-series
dating range, we calculated 6***U model ages, assuming a §***,
value that is the average of the range of the 15 samples with
measured 6>, values from the older Deposit A (605%o = 50%).
See details in Appendix 1.

MAPPING RESULTS: TRAVERTINE DISTRIBUTION,
LANDSCAPE POSITION, AND VOLUMES

Figure 3 shows the locations and extent of the four major
travertine deposits. The deposits are described below and ages
are listed in Table 1 from oldest to youngest. Deposit Al (Fig.
4A) forms a platform accumulation west of the river that over-
lies river gravels at its base (at 2060 m; Fig. 4B) and extends
to an elevation 2130 m. It consists of a stratigraphic (micrite)
platform intruded by sills and dikes of spar calcite that range
from 0.1 to 1 m thick and indicate multiple episodes of infilling
deposition (Fig. 4C). This coarse spar calcite is characteristic
of precipitation from geothermal waters (Decker et al., 2016),
and the horizontal sill geometries with crystals oriented per-
pendicular to the walls of the horizontal sill indicate the veins
opened vertically due to artesian pressure of ascending fluids.
No spring vents or fissure ridges have been identified for this
platform, and we interpret the deposition to have taken place
from springs emanating along strands of the Jemez fault zone
when the river bottom was in the position of the exposed grav-
els, ~0.6 km to the northwest and ~130 m above the modern
river position. These springs would have been near river lev-
el and broadly analogous to the main active springs that feed
Soda Dam today. Deposit A has an average thickness of 20 m
and an estimated travertine volume of 2.9 x 10° m®.

We also identified inset younger deposits on the east side of
Deposit Al, which we named A2 and A3. Deposit A2 is identi-
fied as the travertine deposits that were draped across east-dip-
ping slopes (e.g., at sample #5) as the river began to incise
eastward from the platform toward the present river position.
This is similar to deposition occurring at the La Madera traver-
tine deposits along the modern Rio Ojo (Crossey et al., 2011).
The micritic drape sequence of Deposits Al and A2 contain
numerous cross-cutting spar calcite veins, which together con-
tain approximately 8.25 x 10° m® of travertine. Deposit A3 is
a lower and younger inset deposit that accumulated 30 to 65
m above the modern river (Fig. 5), with an average thickness
of 20 m and an estimated travertine volume of 3.0 x 10° m®.
This deposit sits on upturned Precambrian and Paleozoic rocks
and overlies travertine-cemented river gravels ~30 m above the
modern river.

Deposit B (Fig. 6) accumulated on the northeast side of Je-
mez River along the Soda Dam fault and represents an older
analog to the modern fissure ridge/mound system that is build-
ing Soda Dam. Maximum elevation is approximately 40 m
above the Jemez River. Two central fissures of finely laminated
micrite with some spar calcite approximately 1 m wide dissect
the deposit. The western fissure trends toward an azimuth of
~070 through the deposit, on trend with the Soda Dam fault.
Near the center of the deposit, the second fissure intersects at
an azimuth of ~080. Deposit C is a small deposit on the east
side of the river that may have been sourced from Deposit B.
No evidence of a fissure ridge or extinct spring mounds or
vents were found, although sills overlying paleoriver gravels
are present at the base (16.5 m above the river). Deposits B and
C have a preserved estimated volume of 1.1 x 10° m’.

Deposit D, the Soda Dam itself, is approximately 100 m
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FIGURE 4. View approaching Soda Dam area (below arrow). (A) Deposit Al is a high travertine platform overlying Paleozoic strata and granite with paleo-Jemez
River gravels at its base; A2 drapes down towards the Jemez River, and A3 is inset into A2. (B) Gravels at the base of Deposit Al show the position of the paleo-Je-
mez River between ~500 and 700 ka. (C) Sill at base of Al has vertical spar crystals (dashed lines) that suggest high pore fluid pressure of geothermal waters.

long and 30 m wide with an estimated travertine volume of
2.4 x 10* m*. The deposit sits on a carbonate platform, which
has an estimated area of 6,000 m?and thickness of up to 1 m.
In the past, the main hot spring discharge occurred along a
0.5-m-wide northwest-southeast central fissure system that is
aligned with a northwest-striking Laramide reverse fault near
where it intersects the northeast-striking Soda Dam strand of
the Jemez fault zone. Presently, the main spring discharge oc-
curs along the Soda Dam fault on the west side of State High-

way 4 due to damage caused to the plumbing of the structure
during highway construction (Goff and Shevenell, 1987). Two
small caves on the southeastern side of the Soda Dam structure
allow access to the interior of the deposit and indicate that ar-
tesian water is still emanating along much of the fissure ridge
system. The larger of the two, Grotto spring, consists of a pool
approximately 1 m in diameter within a travertine mound cov-
ered with a veneer of microterraces. Calcite straws build daily
as supersaturated thermal waters drip from the ceiling above
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FIGURE 5. View of inset Deposit A3 with Soda Dam and active hot springs
in foreground. The cave has ~200 ka paleo-Jemez River gravels atop a strath
cut onto the folded Great Unconformity and subvertical basal Paleozoic strata.

A

the pool. The smaller of the two openings reveals a very small
cave at the base of the Soda Dam. Multiple seeps surround
the base and platform, many of which deposit travertine. Un-
derneath the mound and platform (accessible from within the
river), thermal waters drip directly into the Jemez River in two
“lower grottos,” depositing calcite straws.

RESULTS OF URANIUM-SERIES GEOCHRONOLOGY

Thirty-seven samples dated from the deposits at Soda Dam
are listed from oldest to youngest in Table 1. Figure 3 shows
sample locations, and Figure 8 depicts the schematic positions
relative to the modern topography and the inferred progressive-
ly incising San Diego Canyon paleotopography. Samples were
selected to constrain: (1) bottom and top layers (durations) of
stratigraphic travertine deposits, (2) samples that cement and
were deposited contemporaneously with river gravels in el-
evated river terraces, (3) spar sills and micrite infillings that
crosscut platform deposits and indicate continued discharge
within existing platforms, and (4) banded feeder vein systems
in Deposits B and D.

At its top, the micritic platform of Deposit A1 was outside
of U-series range (>500 ka). However, two micritic samples
from near the top of the deposit yielded an imprecise 62U
model age of 755+£212 ka (2 sigma) and an also imprecise
U-series age of 560+324 ka. Taken together, we infer that the
depositional age for the platform is best approximated by the

FIGURE 6. Deposit B showing its fissure ridge geometry. Cut slab from Deposit B fissure vein (LC10_SDamB_25) displaying U-series-dated locations. Initial old
(O) to young (Y) assumed age progression was disproven, and instead vein growth took place discontinuously and with seemingly random infilling. Duration of vein

growth was at least 116.9 ka (from 209.6 to 92.7 ka).
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FIGURE 7. Soda Dam (Deposit D). (A) Calcite feeder vein for Soda Dam exposed on road gives ages of 4.6 to 5.2 ka. (B) View looking back toward road from near
the southeast end of Soda Dam; the base of the deposit gives an age of 10.0 ka near the road; the top of the deposit gives an age of 2.1 ka.
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FIGURE 8. Northeast-southwest cross section of San Diego Canyon (A-A’ of Fig. 2) showing elevations of gravels, ages of selected travertine samples (from Table
1), and inferred paleocanyon positions at ~500 ka and ~200 ka, as inferred from U-series dating of travertine. All numbers are U-series dates (in ka) and are also
listed in Table 1.
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TABLE 1. U-series dates from travertines of the Soda Dam system (# = Fig. 3 map #; Age = corrected age in Appendix 1)
# Deposit Sample # Age (ka) Remarks Latitude Longitude Elevation
1 Al LC10-NMSDA-22a 465* +£198 82 m above Jemez River, horizontal vein of calcite 35.792019  -106.687912 2028
2 Al LC11-NMSDA-31 755%  +£212  Micritic travertine, top of Deposit A 35.788679  -106.692754 2128
3 Al LCIO-NMSDA-23a 560 %323 ifﬁg‘gﬁﬁg%memne Just below vein (LC10_ 35791757 -106.687962 2047
4 Al AJT11-SDA-51 486 +125  Travertine sparite layer within the river gravel layer 35.788659  -106.690961 2071
5 A2 LCI0-NMSDA-24 482  +32 Eirj‘e’f 70 m below top of platform, 127 m above Jemez 35 791556 106680452 2065
6 Al LCI11-NMSDA-32 405 +17  Large sparite cliff, top of vein system 35.786966  -106.694643 2100
7 Al AJTII-SDA-52 339  +8 zg\igg:nsparite vein sitting on Abo formation; base 35 707003 106690643 2060
8 A3 LCII-NMSDA-23a 287 %7 Is\ltﬁtsagr:?gi;a;mvemne Just below vein (LC10_ 35791757 -106.687962 2047
9 A3 LC10-NMSDA-22b 211 +4 82 m above Jemez River, horizontal vein of calcite 35.791749  -106.687907 2028
10 B LC10-SDAM-25B-1 210 +2 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
11 Al LC11-NMSDA-34 207 +15  Top of horizontal basal sill in large sparite vein system 35.786966  -106.694643 2100
12 A3 K06-SDAM-2 201 +2 Calcite rinds on cobbles right at the bedrock strath 35.792145  -106.687284 1968
13 A3 K06-SDAM-4 183 +2 A pour, ~8 m above strath, directly above sill 35792119  -106.687217 1971
14 A3 LC10-NMSDA-20 167 +3 61 m above Jemez River 35.791918  -106.687457 2002
15 LC10-SDAM-25B-3 144 +3 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
16 LC10-NMSDB-15 137 +1 11 m above Jemez River, 2 m above exposed base 35.792259  -106.686280 1949
17 LC10-SDAM-25B-b 134 +11 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
18 A3 LC10-NMSDA-21 132 +4 64 m above Jemez River 35.792026  -106.687448 2009
19 LC10-SDAM-25B-5 130 +3 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
20 LC10-SDAM-25B-d 122 +2 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
21 LC10-SDAM-25B-b 117 +2 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
22 A3 K06-SDAM-1 111 +2 Calcite sill at the north end of the cave 35.792119  -106.687217 1970
23 A3 LCII-NMSDA-22a 111 %14 ifa?eab"ve Jemez River, horizontal calcite vein in 35792019 -106.687912 2028
24 B LC10-SDAM-25B-4 107 1.0 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
25 C LC10-NMSDC-11 103 0.5 16.5 m above river, directly above river gravel deposits ~ 35.791854  -106.685530 1954.5
26 C LC10-NMSDC-13 101 0.5 23 m above Jemez River, 2 m below top of deposit 35.791938  -106.685377 1961
27 B LC10-SDAM-25B-a 98 0.8 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
28 B LC10-SDAM-25B-¢c 96 1.0 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
29 Al LC11-NMSDA-30 96 8.0 Top of Deposit Al spar travertine 35.788679  -106.692754 2128
30 B LC10-SDAM-25B-2 92 0.5 Lamination in LC10-SdamB-25; Deposit B fissure vein ~ 35.792259  -106.685583 1995
31 B LC10-SDB-19 78 1.6 29.1 m above Jemez River, top of deposit 35.792307  -106.686049 1967
32 D KLC12-SD-100 10 0.8 Cross-cutting fissure vein by road; near base 35.791895  -106.686505 1942
33 D LC11-SDAM-28a 5.2 0.05 Lamination in LC10-Sdam-28; Soda Dam fissure vein 35.791895  -106.686505 1942
34 D LC11-SDAM-28¢ 4.9 0.09 Lamination in LC10-Sdam-28; Soda Dam fissure vein 35791895  -106.686505 1942
35 D LC11-SDAM-28b 4.6 0.05 Lamination in LC10-Sdam-28; Soda Dam fissure vein 35.791895  -106.686505 1942
36 D LC11-NMSDA-36 3.5 0.04  Rind in SD, approximately 3 m in 35.791518  -106.686397 1940
37 D AJT11-SD-1 2.1 0.03 Top of cone mound in north-trending fissure 35.791919  -106.686062 1943

All subsample powder weights were between 75 and 400 mg. All ratios are activities, and all uncertainties are absolute 2c.
All ages are kiloyears before present, where present is 2024 CE.

-1) #1000. 8**U_ = measured 6***U value, and §***U, = initial **U value.
MU =&MU, * e™*, where 1234 is the decay constant for ***U, and t is time in years.

57U age is based on a §**U, value of 600%o £ 50%, where 600 is the average 6***U, value of all ages > 200,000 years old.

8234U = (234U/238U

activit

* = $234U model age
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model age of 7554212 ka (2 sigma), hence 967 to 543 ka. Min-
imum ages for the gravel and overlying Al and A2 platform
accumulation are given by several dates: the base of Deposit
Al, just above the basal gravel, has a cross cutting calcite spar
sill (Fig. 4C) that gives a U-series age of 486+125 ka, similar
to a $***U model age for a calcite sill near the top of the deposit
of 465+198 ka and to a U-series date of 482+32 ka from near
the top of the A2 inset drape. These minimum ages range from
486 to 465 ka. Our interpretation of these dates is that the Al
travertine platform developed in and adjacent to the paleoriver
on ~500-700 ka gravels and that 400-500 ka was a time of
voluminous calcite vein infillings.

As cited above, the inset micritic drape sample in Depos-
it A2 has an age of 482432 ka at 70 m below the top of the
platform; this was a time when the Deposit Al platform was
still active hydrologically as river incision through the plat-
form was taking place. Another A1 calcite vein sample yielded
an age of 405+17 ka, suggesting the platform was saturated
with carbonic waters within the 400-500 ka time period. The
coarse spar textures of these thick sills is a morphology that
is most common in geothermal water deposits (Decker et al.,
2016). Additional sparite intrusions infilled the high platform
of Deposits Al and A2 above and near the elevation of the
platform base. As shown in Figure 4, high sills yielded ages
ranging from 340 to 96 ka, indicating that the spring vents fed
by artesian waters continued to be active episodically for sev-
eral hundred thousand years as the Jemez River progressively
incised. We interpret these ages as times of high head in the
groundwater system.

In Deposit A3, the lowest part of the inset drape, 201+2 ka
travertine formed rinds in river gravels 32 m above the modern
river. Stratigraphically coherent ages in this part of the depos-
it range from 201+2 ka at the base, to a drape of 183+2 just
above the base, to 13244 ka at 64 m above the modern river.
A cross-cutting sill, eye-level with the cave near the base of
Deposit A3, yielded an age of 11142 ka.

Deposit B, on the southeast side of the river, was dated to
determine both the feeder vein ages and the mound/platform
ages. The micritic mound accumulation yielded depositional
micrite ages of 13741 ka near the base and 78+2 ka at the top.
Numerous laminations within the ~1-m-wide feeder vein sys-
tem were dated, yielding ages ranging from 210 to 93 ka (Figs.
6 and 8). The combined data indicate the duration of deposi-
tion was 132 ka, from 210 to 78 ka for the Deposit B fissure
ridge/mound system, and that it overlapped with development
of Deposit A3 from 201 to 111 ka. Deposit C yielded ages of
103=+0.5 ka at its base, 16.5 m above the river where travertine
overlies colluvium, to 101+0.5 ka at its top, 25 m above the
modern river. Its elevation and age overlap with Deposit B,
which may have been its source.

Deposit D yielded an oldest age of 10.0+0.8 ka from near
its base near road level. Ages from the central fissure vein of
Figure 7B ranged from 4.7+0.05 ka to 5.24+0.051 ka. On top of
Soda Dam, a small travertine mound at the intersection of two
fissure ridges gives a youngest age of 2.140.03 ka, and traver-
tine is also being deposited today in several locations.

Figure 9 shows a histogram and age probability plot (from
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Isoplot 3.7 by Ludwig, 2008) that summarize the U-series
dates. The age distribution suggests that travertine deposition
was episodic. Approximately 77% of the travertine by volume
was deposited at or before 500 ka, 14% between 482 and 287
ka, 8% between 183 and 78 ka, and 1% from 10 ka to present.
Episodes of high hydrologic head are recorded by cross-cutting
calcite veins (many as sills) that have intruded older micritic
deposit. The emplacement of sills by artesian waters above the
level of the incising Jemez River took place at 95, 110, 210,
340, 455, and 486 ka.

DISCUSSION OF CONTROLS ON TRAVERTINE
ACCUMULATIONS AND EPISODIC VARIATIONS IN
SPRING DISCHARGE

The Soda Dam travertine system is likely limited by water
flux, as opposed to a system that is limited by the flux of exter-
nal CO,. Figure 9 shows that dates from the deposits at Soda
Dam do not correspond with the timing of volcanic activity in
the Valles Caldera. A system limited by the flux of external CO,
would become diluted during times of high spring discharge
and is more probable to produce travertine during climatically
dryer conditions (Hancock et al., 1999; Pentecost, 2005; Gil-
bert et al., 2009; Crossey et al., 2011). However, the Valles Cal-
dera hydrothermal waters have a ready and long-lived source
of high P_.,, and faults and fractures allow for circulation of
the CO,-charged waters. Thus, the volume of travertine pre-
cipitated is interpreted to be most strongly controlled by spring
discharge rate and geometry, influenced by regional wet and
dry climate shifts.

Local (caldera lakes) versus regional (wet-dry oscillations)
paleohydrology influences on spring discharge are often diffi-
cult to separate and were likely complementary to each other
during several time intervals. For example, 560 to 520 ka rhy-
olite dams produced by the San Antonio and South Mountain
Dome eruptions may have slowed the Jemez River flow to a
trickle and helped amplify artesian head at Soda Dam. The in-
terval of a Valles Caldera lake, represented by core VC-3, may
be recorded in the 400-550 ka high-elevation sills in Deposit
Al. The present caldera is marshland, with head levels approx-
imately 1000 m above the springs at Soda Dam and paleolake
depths of several hundred meters (Goff, 2009) would have
episodically increased local hydrologic head. The youngest
sample from Deposit Al is a spar vein sample near the top of
96+8 ka, suggesting high artesian head during interglacial MIS
5 about at the same time Deposits B and C were deposited.
Four other spar samples at high elevations in Deposit A1 and
A2 yielded ages of 111£14, 207+15, 211+4.6 and 339+8 ka
that correspond to MIS 5, 7, and 9/10.

Deposit A3 was deposited from artesian waters that had
been pushed up faults and were flowing down a drape deposit
toward the Jemez River that was cutting a deeper canyon (Fig.
8). The basal, youngest portion of A3 was apparently eroded
by increased flow or a flash flood in the Jemez River to deposit
the ~200 ka river gravels that are now 32 m above the modern
Jemez River. This deposit was active for at least 52 ka during
glacial MIS 6. A cross cutting sill at 110.9+1.5 ka is another
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indication of wet periods during interglacial MIS 5.

Deposit B dates indicate travertine accumulation for at least
the 130 ka interval that began during interglacial MIS 7 and ex-
tended through glacial MIS 6 to the Eemian interglacial (MIS
5; Fig. 9). Its fissure vein system was sampled near the base of
the deposit, against country rock, and yielded an oldest date of
210+2 ka, suggesting that subterranean calcite growth began
within the Soda Dam fault zone about 70 ka before surface
mound accumulation began 138+1 ka.

Soda Dam (Deposit D) began accumulation during the early
stages of the current interglacial, apparently later than the plu-
vial highstands recorded in Lake Estancia at 19.7 and 13.7 ka
in central New Mexico (cf. Allen and Anderson, 2000), and it
is still actively depositing travertine today. The closely spaced
dates from the central fissure vein suggest rapid accumulation
around 5 ka.

INCISION HISTORY

The incision history in the Soda Dam area is constrained by
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U-series dating of travertine associated with preserved gravels
at 32 m and 150 m above the modern river. These points are
shown on the longitudinal profile of the Jemez River in Figure
10. The lower gravel has travertine coatings around cobbles that
yielded an age of 201+2 ka, giving an incision rate of 160 m/
Ma. The higher gravel, at the base of Deposit A1, contains 1.2
Ma detrital sanidine and hence is younger than 1.2 Ma (Reed
et al., 2024) and is the same age or older than interlayered and
overlying travertine. The gravel is intruded by a calcite spar sill
of 486425 ka, which gives a minimum age. Older but still min-
imum ages are given by imprecise micrite ages from the top
of Deposit Al of 755+212 ka (**U model age) and a U-series
age of 5684324 ka. These ages give incision rates of ~200-250
m/Ma, although a rate as low as 155 m/Ma is permitted by
the 2o analytical uncertainty (inset to Fig. 10). The 200-250
m/Ma rate is more compatible with the ~380-m height above
river level (ARL) of the base of the 1.62 Ma Otowi Member of
the Bandelier Tuff in this area. This gives a long-term average
bedrock incision rate of 235 m/Ma since 1.62 Ma, or 309 m/Ma
given that little bedrock incision (canyon deepening) occurred
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FIGURE 9. Histogram of travertine ages shown in yellow bars. Dated samples (black circles) display error bars in red, except when the error is smaller than the sam-
ple point. The age-probability plot displays the sample frequency 2c error curve in gray. Jemez Mountains volcanic history is from Nashold and Zimmerer (2022);
the Valles Caldera lake core record is from Fawcett et al. (2011). This figure suggests that the observed travertine accumulation record was episodic, with the highest
volume accumulation (Deposit A) before ~500 ka and subsequent major accumulations about 210 ka (MIS-7), ~120 ka (MIS Se, 5c, and maybe 5a), and ~10-5 ka at
the beginning of the Holocene. Observed travertine episodicity does not correlate well with glacial-interglacial periods or with volcanism and is interpreted to reflect
wet times and related lake and high groundwater levels in the Valles Caldera recharge region for the Jemez River.
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FIGURE 10. Longitudinal profile of the Jemez River from San Antonio hot springs

to the confluence with the Rio Grande. The inset graph shows long-term bedrock

incision rates of ~143 m/Ma near the confluence of the Jemez and Guadalupe Rivers and probably >200 m/Ma incision rates near Soda Dam.

between the 1.62 and 1.23 Ma Bandelier Tuff eruptions.
These rates contrast with those near the confluence area of
the Jemez and Guadalupe Rivers about 15 km downstream.
Here, the long-term bedrock incision rate has been steady at
140-150 m/Ma since 1.23 Ma based on gravels coeval with
and at the base of the upper Bandelier Tuff (Qg2 and Qg3 of
Rogers and Smart, 1996) and based on the 90-m-ARL Qtl ter-
race that contains the 0.63 Ma Lava Creek B ash that gives
143 m/Ma. Figure 10 suggests that the 150-m-ARL Soda Dam
gravels may correlate with the thick and laterally extensive
downstream Lava Creek B terrace. If so, this would give an av-
erage bedrock incision rate of 238 m/Ma at Soda Dam over the
past 630 ka, similar to 235 m/Ma since 1.62 Ma. Improved dat-
ing on the high gravels is needed, but our present interpretation
is that average long-term bedrock incision rates at Soda Dam
are higher (200-250 m/Ma) than at the Guadalupe River con-
fluence (140-150 m/Ma) due 50—100 m/Ma Quaternary slip on
the Jemez fault system (Reed et al., 2024). This new geochro-
nology is not compatible with the terrace correlation shown by
Frankel and Pazzaglia (2006, fig. 8), who correlated the 630 ka
terrace near the Jemez-Guadalupe confluence with our newly
dated 210 ka terrace at Soda Dam. This change is important
because it weakens their conclusion of upstream-converging

terraces and changes it to upstream- diverging, which is more
compatible with fault-related headwater uplift (Reed et al.,
2024) rather than downstream base level fall (Frankel and Paz-
zaglia, 2006).

SUMMARY AND CONCLUSIONS

Periods of travertine accumulation were episodic at Soda
Dam, occurring at approximately 500, 200,140-90, and 10-0
ka, with records of high artesian head at approximately 95, 110,
210, 340, 455, and 486 ka. Development of the Valle San An-
tonio and Valle Grande paleolakes at ~520 ka were likely the
cause of the high hydrologic head and the accumulation of the
large-volume Deposit Al that developed in the paleo-Jemez
River ~700-500 ka. This episodicity indicates that the unique
hydrologic and geomorphic setting of Soda Dam involves: (1)
long-lived fault-related spring vents for hydrothermal waters,
(2) episodic high heads suggesting wet intervals and the pres-
ence of caldera lakes, and (3) river water that was draining
caldera lakes and reincising San Diego Canyon.

Travertine deposition reflects a variety of influences, but the
nature of the Jemez magmatic system suggests there is gener-
ally enough CO, to deposit travertine, that faults have acted as
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conduits for ascent and transport of magmatic volatiles, and
that mixing of endogenic and meteoric waters is responsible
for the wide variation in modern water and gas chemistry and
for determining travertine geochemistry.

Tectonic influences include travertine deposition along
faults, different rates of canyon incision across active Quater-
nary faults, a persistent upgradient geothermal field, and pulses
of caldera magmatism that influenced the formation and de-
mise of paleolakes. The combined data are significant region-
ally in providing one of the best records of episodic hydrother-
mal groundwater discharge, as affected by both high-elevation
caldera paleolakes and wet climate intervals in one of the most
volcanically active regions and most important geothermal
systems of the southwestern United States.
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