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Carbonates of Ten Mile Graben and Little Salt Wash Fault
Bill Hood

This paper reviews some of the literature concerning the springs and geysers and the carbonate deposits that
are associated with them. It has three sections, the first being a more general review of these features, the second
concerning the force of crystallization, and the third reviewing ideas about calcite vs aragonite in the deposits.
To make it easier to find a particular reference, they are divided into sections at the end of the paper.

Springs, geysers and carbonate deposits.

The carbonate mineralization, springs and geysers related to faults in the Ten Mile Graben and near Crystal
Geyser on the Little Salt Wash Fault have received considerable attention since the first GJGS field trip to this
area in 2004. The area has been used to study leaky faults in relation to subsurface carbon dioxide storage
(Burnside et al., 2009; Evans et al., 2005; Jung et al., 2014, 2015; Naruk et al., 2019; Shipton et al., 2004;
Williams, 2005; and many others). Because the cold spring and geyser deposits were deposited over thousands
of years, they have been used to study diagenesis in carbonate rocks (Lima-Zalouomis et al., 2023). Others have
used the area to study the eruption of cold-water geysers and their deposits (Barth, 2012; Frery et al., 2017;
Gouveia et al., 2004; Gouveia and Friedmann, 2006: Han et al., 2017; Horne et al., 2013; Lagasca, 2022; Lagasca
et al., 2021; Watson, 2014). The carbonate deposits have even been used as a partial analogue for features on
Mars (Potter-Mclntyre, 2013; Potter-McIntyre et al., 2014; Knuth, 2018; Knuth and Potter-McIntyre, 2021;
Williams, 2017; Zaloumis, 2021). This list is by no means an exhaustive list, but it should get you started if you
want to learn more.

The structural setting of Ten Mile Graben is important in understanding the origin of the springs, geysers and
travertine deposits of the area. The Ten Mile Graben cuts across a broad, north plunging anticline whose axis is
oriented north-northwestward (heavy red line in Fig. 1). Another southward-dipping normal fault, the Little
Grand Wash (LGW) fault, cuts the anticline several miles north of Ten Mile Graben. The springs and other
features are all located at or very near the northern fault of the Ten Mile Graben and the Little Grand Fault and
within about a mile of the anticlinal axis. Many more investigations have centered on the features associated with
LGW than those of Ten Mile Graben because it is the location of the active Crystal Geyser, has well-exposed
travertine deposits of varying ages and is easily accessible.

Fig. 1. A. Simplified geologic map of the Ten Mile Graben and Little Grand Wash area. Modified
slightly from Kampman et al. (2014b). B. Map showing locations of significant springs and geysers.
Source: Jung et al. (2015) fig. 1.



Carbon dioxide gas is actively leaking from the Little Grand Wash fault zone and the Salt Wash (Ten Mile
Graben) fault zone. Allis et al. (2005) and Jung et al. (2014) collected soil gas samples and found leakage
associated with faults as well as the fault damage area associated with Crystal Geyser. Gouveia et al. (2005)
conducted an aerial survey for CO> near Crystal Geyser and found as much as119,600 ppm CO; in the atmosphere
at the time of eruption, compared with less than 400 ppm before and after. Not only is CO» leaking, but also water
in springs, seeps and geysers. Dating of travertine deposits left behind indicate that some are old, up to 400,000
years old (Burnside et al., 2009; Kampman et al., 2012).

Most studies of the gas have been conducted at Crystal Geyser because it erupts fairly regularly and is easily
accessible. Evans et al. (2005) analyzed gas and determined that it was 95 to 97% CO,. Heath et al. (2009)
calculated that the gas was generated at depths > 800 m (> 2625 ft.) and was likely generated by clay-carbonate
reactions at temperatures between 100 and 200° C, although they could not rule out the possible generation by
thermal reactions involving igneous intrusions and carbonate rocks. Carbonate rocks (e.g., Leadville Limestone)
were deeply buried to depths of over 15,000 feet and attained temperatures greater than 170° C across large parts
of the Paradox Basin (Nuccio and Cobden, 1996) and could have experienced clay-carbonate reactions. Whatever
the source, it must have been widespread because CO, accumulations appear to be rather common in the Paradox
Basin. For example, the Woodside dome, located 19 miles northwest of Green River, UT, is a CO»-filled
structure. Farther away, the McEImo field is a very large COx filled structure containing 97-98% CO», and wells
in the Lisbon field producel8 to 36% CO,. Both of these fields are in the Mississippian-age Leadville Limestone
(Cappa and Rice, 1995).

Although the CO; was likely generated at elevated temperatures, the same was not the case for much of the
water involved. The water is cool, not exceeding 18° C (64° F). It is saline, ranging from 13,848 to 21,228 ppm
TDS (Heath et al., 2009). Hydrogen and oxygen isotope values are consistent with local meteoric water that has
not exceeded 500 m in depth. This is consistent with structure and potentiometric surface maps of the Navajo
formation in the area (Hood and Patterson, 1984; Naruk et al., 2019). Kampman et al. (2013, 2014b) drilled a
well across the Green River from Crystal Geyser and sampled the water contained in the Entrada and Navajo
Formations. Watson (2014) sampled water from Crystal Geyser during eruptions. Using his data plus that of
Kampman et al. (2014a, 2014b), he calculated that the water in the Crystal Geyser eruptions is about 2/3 Navajo
and 1/3 Entrada at the start of an eruption but the relative amounts changed to about 55% and 43% later in the
eruption. Deep brines were only 1 to 2 percent of the fluids.

Kampman et al. (2014b) calculated that the brine was saturated with CO> at a depth of about 275 m (900 ft).
The flash point was estimated to be between 5 to 40 m below the surface. That is consistent with the free gas
phase detected by resistivity studies at depths of 5 to 55 m below the surface at Crystal Geyser (Lagasca, 2021).
All this leads to the concept of deep subsurface brines charged with CO> migrating up faults and into aquifers. If
the aquifer is shallower than the flash point, CO gas can exsolve from the brine and leak to the surface, either
gradually or in the situation of incompletely cased wells, rapidly in a geyser. This is nicely shown in a figure
(Fig. 2) by Jung et al. (2015).



Fig. 2. Block diagram showing conceptual model of migration of CO and brine up Little Grand Wash and Ten
Mile graben faults and into aquifers, with leakage along faults and fractures (Jung et al., 2015).

The travertine deposits.

The geochemistry of the carbonate system is fairly simple in concept. It can be explained in a few chemical
equations.

1. CO>+ H>O = H>COs which ionizes to: HoCO3z = H" + HCOs"

All geologists know that calcium carbonate minerals (calcite and aragonite) dissolve in acid.
2. H" + CaCO; - Ca* + HCO5"

Combining these equations:
3. COz + Hy0 + CaCO; = Ca*? + 2HCO5"

These equations indicate that if the CO» is increased, more CaCOs (calcite) will dissolve. Likewise, if CO2 is
removed from the system, the equations reverse and CaCOs3 precipitates.

When any deeply buried rock such as the Leadville Limestone mentioned above contains free CO, any water
associated with it has to be saturated with CO,. Fluids in deeply buried rocks are under far greater pressure than
a fluid on the surface, either simply due to the weight of the water column, or overpressured because of the weight
of the overlying rocks. Under such conditions, much more CO> can be dissolved in water than at the surface.
(Think about the CO; in carbonated drinks). The high pressure drives equation 1 to the right. That, in turn, drives
equation 2 to the right, meaning that under pressure, a CO;-saturated solution will dissolve more calcium
carbonate than it can at the surface. If there is sufficient calcium carbonate present, the solution will become
saturated under those conditions. When such a solution moves upward into lower pressure, it will become
supersaturated with calcium carbonate relative to what it could contain at the surface. This condition will persist
as long as there is free CO; in contact with the fluid.



When a fluid saturated with CO; at great depth and also supersaturated with dissolved CaCO3 approaches the
surface, the CO2 will exsolve into either a supercritical (having characteristics of both a liquid and gas) or a
gaseous phase. This will push equation 3 to the right and favor deposition of a calcium carbonate mineral. It is
easy to see how this would happen around springs and geysers, where the COx is lost directly into the atmosphere.
In the case of carbonate veins, it is not as straight forward. In this case, the CO> is lost into porous material,
typically a sandstone. Hydraulic overpressure pushes the brine into a fracture in a porous rock. As the fluid moves
into the fracture, CO; is gradually lost into the surrounding rock. This results in the fluid becoming supersaturated
with calcium carbonate, which then begins to be deposited. In some cases, instead of simply filling the fracture
and plugging it up, the force of crystallization widens the fracture enough that a film of charged brine can continue
to enter the fracture and allow the vein to continue to develop. The escaping water, now depleted of calcium
carbonate, has to go somewhere for the vein to continue to develop. It can either continue through the fracture or
it, along with the exsolved CO», can diffuse into the porous rock. If the system contains some H>S and the rock
contains iron (oxyhydr)oxides, the iron can be reduced and “bleaching” of the rocks occur (Maskell et al., 2018).

The faults of the Ten Mile Graben and the nearby Little Grand Wash fault tap the supercharged and
supersaturated water and allow it to move to the near-surface and surface. This reduces the pressure, which allows
the CO; dissolved in the water to escape. This, in turn, reverses equation 3 and causes the dissolved calcium
carbonate to precipitate. This can take the form of carbonate mineral aprons around a spring, seep or geyser, or
as carbonate veins in the rock.

Force of Crystallization and Possible Examples in This Area.

We have all seen examples of the force of crystallization whether we have thought about it as such or not.
Water freezing is a crystallization process, and we’ve all seen how it expands in an ice cube tray or how it lifts
soil or pebbles when wet ground freezes. You may have also seen sandstone crumble on exposed cliff surfaces
where salts are crystallizing in the pore space. Various salts, such as NaCl (halite) and Na>SO4 (thenardite) and
mirabilite (Na2SOs 7H20) cause damage to statues monuments, and building exteriors around the world.
However, you may not have thought much about its effects on rocks. This section will present a very brief review
of some of the voluminous literature on the force of crystallization as it pertains to geology. However, the study
of crystallization in confinement is much larger than just geology and if you would like an introduction to the
overall literature, the review by Meldrum and O’Shaughnessy (2020) is a good place to start.

One of the early studies that tried to demonstrate the force of crystallization was by Becker and Day (1905).
They placed an alum crystal between two glass plates with a load on the upper plate in saturated solution. After
a few hours, a detectible uplift of the upper plate and the load was detected. Repeated experiments demonstrated
that the growth of the alum crystal could lift a load of up to a kilogram. They also observed that the growth was
on the edges of the bottom of the alum crystal, so that as it grew, it created a hollowed-out interior.

A study by Correns and Steinborn (1939) followed. Also using alum, they devised an apparatus to measure
the actual growth of a crystal under a given weight. They developed an equation relating the pressure generated
by the growing crystal to the degree of supersaturation:

P =(RT/V).In(K/Ko )

Here, T is temperature (degrees Kelvin), R is the ideal gas constant, V is the molar volume of the material
under study, K is the product of ionic activity of the solution and Ko is the equilibrium solubility product of the
material being studied. In relatively dilute solutions, the concentration, C (g per liter), of the supersaturated
solution can be substituted for K and the concentration of the solution at saturation for Ko, giving (C/C,) as the
final term. The equation indicates that the larger the degree of supersaturation, the greater the pressure that the



growing crystal will exert. At saturation (C = C,), there is no net growth and the pressure drops to zero. This
equation, or some modification of it, is still used today.

Modern studies have continued to build on those early studies. Desarnaud et al. (2016) studied the pressure
generated when halite crystallized from a drop of water between two surfaces. They found that crystal growth
could create pressures up to 220 +/- 5 Megapascals, much larger than that needed to break apart grains in a
sandstone. They interpreted their results to “suggest that the measured force originates from repulsion between
the similarly charged confining wall and the salt crystal separated by a ~1.5 nm liquid film” (p. 1). This method
used a fixed amount of starting fluid, and the concentration of salt in the solution would have changed as the
solution evaporated, depending on the evaporation rate vs the rate of precipitation.

Li et al. (2017) developed a device that allowed them to observe the growth of a calcite crystal in real time.
Their method used a continuous flow of fluid, thus keeping the concentration of ions in the incoming fluid
constant. Using an inverted microscope and light interference, they were able to show that growth occurred on
the bottom edge of the crystal, leaving a cavity in the interior as it grew. They also established that there was a
very thin film of water between the growing crystal and the substrate on which it was growing. In a later paper
(Li et al., 2022) they established that with sufficient pressure to reduce the thin film of water to 3 or 4 molecular
layers, crystal growth will stop. Gagliardi and Pierre-Louis (2019) developed a numerical model of the growth
of a crystal under pressure. Their model indicated that the part of a crystal closest to the source of supersaturation,
i.e., the crystal edges, will grow faster, thereby providing a theoretical basis for the observations that growth
produces a cavity in the growing crystal.

It should be pointed out that these observations on the force of crystallization require a supersaturated solution
that must continually be replenished in order for the crystal or crystals to grow. In nature, there are two ways of
doing this, either the fluid migrates along the surface of a crack or it diffuses in from the wall rock. Both
possibilities have some difficulties.

Turning to geological observations, one of the early published geologic observations was by Rothrock (1925),
who observed calcite veinlets up to 0.2 mm breaking apart quartz grains in a caliche. Minguez and Elorza (1994)
used the force of crystallization to in part explain volume for volume replacement.

Van Noort et al. (2017), building on thermodynamic calculations that indicate that the carbonization of
peridotite by COz injection, would create enough force of crystallization to create fractures. Their experiments
were mostly a failure.

Meng et al. (2018) investigated fibrous calcite veins (“beef veins”) in Jurassic-age shale in a basin in the U.K.
These veins are usually parallel to bedding and have no indication of faulting or other structural origins. Some
of the veins have small openings in the middle, but these do not seem to be connected to anything (Fig. 3). They
attribute the veins to force of crystallization.

Figure 3. Left, Fig.
2B and right, Fig. 8A
from Meng et al.
(2018). Left figure
shows “beef” veins in
shale. Right figure is
an enlarged section of
a “beef” vein showing
the fibrous nature of
the calcite and an
interior open space.



Wallace and Hood (2018) proposed that the force of crystallization, created by the growth of (typically)
dolomite crystals, overcome the tensile strength of rock to product open fractures. These are then filled or partially
filled with minerals, creating zebra textures in rocks.

Baraillier (2025) presented an example of gypsum crystals growing in varved clays and deforming the
sediment above them. Figure 4 illustrates this.

Fig. 4. This is Figure 13, p. 13, from Barailler (2025). The sediment above the gypsum crystals has
been deformed by crystal growth due to force of crystallization. This occurred with the weight of
20 meters of sediment above it.

The Little Grand Wash fault is located near Green River, Utah, and is similar to the faults of Ten Mile graben.
The Crystal Geyser is located along this fault, as are older travertine mounds. Gratier et al. (2012) report on
aragonite veins cutting an eroded travertine mound near Crystal Geyser. The veins make up as much as 50% of
the mound and are oriented parallel or sub-parallel to the travertine depositional surface. They determined
geologic ages on one of these, a 27 cm thick vein. Their results indicate growth of the vein from the top downward,
with the top age of 6830 +/- 14 years and the bottom age of 5851 +/- 10 years, or 949 years difference. This
showed that the vein grew from the top downward, a process difficult to explain other than by force of
crystallization. They also report similar veins extending for tens of meters into nearby sandstones.

At the Ten Mile geyser and travertine quarry stop (#9), we will see examples of veins that are similar to that
examined by Gratier et al. (2012) and that can possibly be explained by force of crystallization. For example, in
the photo below (Fig. 5), how likely is it that a nearly horizontal open space several feet long and perhaps a foot
high in a sandstone could have existed long enough for aragonite to fill it? At present the vein is beneath a few
feet of overburden, but at the time of deposition, it probably was under more. The force of crystallization lifting
the rock as the aragonite “grew” seems a more likely explanation.



Fig. 5. Horizontal carbonate veins (white) in cliff face at the carbonate stop.

Or, consider the contact between the orange and brown areas in the rock pictured below (Fig. 6). If the vein
were removed, the brown material on the left would drop and match the brown on the right. It is difficult to
imagine an open space created like that and persisting long enough to be filled with aragonite. A more probable
cause is the force of crystallization pushing the two parts of the rock apart. You undoubtedly will also notice
some open space within the vein. Not all parts of the aragonite in the vein need to grow at the same rate. The
parts growing faster can continue to push the wall rock apart, creating an open space in other parts of the vein.

Fig 6. Several veins cutting a
boulder. The vein mineralogy
is probably aragonite, based on

At the Ten Mile geyser and travertine stop (#9), we will examine these features and have a discussion about their
origin.
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Aragonite or Calcite?

You might wonder why many of these deposits are aragonite rather than the more common form of calcium
carbonate, calcite. Aragonite is metastable at the Earth’s surface, being stable under high pressures (MacDonald,
1956). That being the case, researchers have wondered why aragonite does not quickly convert to calcite and
have attempted to explain it as a result of reaction rates (Fyfe, 1964; Fyfe and Bischoff, 1965).

There is a large amount of literature concerning the question of whether aragonite or calcite will form at the
Earth’s surface. The information below barely scratches the surface, but it will give you a start if you want to
pursue it yourself.

Berner (1975) demonstrated that the presence of Mg ions in concentrations greater than 5% of that of sea water
inhibited the growth of calcite. Morse et al. (1997) thought both temperature and Mg/Ca ratios controlled which
polymorph of calcium carbonate formed in the modern ocean. Sandburg (1983) recognized oscillations in non-
skeletal carbonate mineralogy in marine sediments from aragonite to calcite and back again and attributed it to
possible changes in Pcoo. Numerous investigators have followed up on that observation. Burton and Walter
(1987) concluded temperature was the controlling factor. Others, including Hardy (1996) and Stanley and Hardy
(1998), said that aragonite was favored if the Mg/Ca molar ratio was greater than 4. Others (e.g. Ries et al., 2008;
Taylor, 2008) considered the switchover occurs at a ratio of 2. On the other hand, Adabi (2004) found aragonite
in limestone formed in the shallow part of a basin and mostly calcite in the deeper part and attributed that to
temperature, with calcite being favored by colder water. Given and Wilkinson (1985) thought it was the rate of
supply of the reactants, particularly the carbonate ion, that governed mineralogy, with high rates of supply of
carbonate ions favoring aragonite over calcite and the Mg content having little to do with it.

A totally different idea was presented by Zeng et al. (2018). They did a series of experiments in which they
precipitated calcium carbonate in pores of different sizes, and found that the smaller the pore size (i.e., the greater
the confinement), the more aragonite was favored.

Examination of active cave features by Gonzalez and Lohmann (1987) let them to conclude that aragonite was
favored by high Mg/Ca ratios in cave waters. Both Frisia et al (2002) and Rossi and Lozano (2016) demonstrated
that the drip water chemistry influences which calcium carbonate mineral forms, with aragonite being favored
over calcite if the molecular ratio of Mg/Ca is greater than about 1.1.

Han et al. (2017) reported the results of water analyses from Crystal Geyser. Their molecular ratios of Mg/Ca
(mmol/l) averaged 0.39, well below the ratio that others considered to favor aragonite deposition. Some factor
other than Mg must account for the common occurrence of aragonite in this area.

Another element that appears to favor aragonite over calcite is strontium. Sunagawa et al. (2007) examined a
travertine deposit in Japan composed of alternating layers of calcite and aragonite. They found that the aragonite
layers contained an average of 0.84% Sr whereas the calcite layers contained 0.13%. They also examined several
samples of aragonite from other localities and found Sr contents from 0.64 to 4.50%, indicating that Sr can be a
common element in aragonite.

We examined 5 samples of travertine from the Ten Mile graben for mineralogy and semi-quantitative chemistry.
All of the samples examined were aragonite. The Mg and Sr contents are shown in Table 1. Perhaps the presence
of Sr in addition to Mg creates the conditions for aragonite to form in this area.



Table 1. Results of XRF analyses of 5 travertine samples from near Ten Mile Geyser.

Sample Mg % Sr %
Ten Mile A1 0.46 0.90
Ten Mile A2 0.73 0.95
Ten Mile A3 0.58 0.91
Ten Mile A4 0.53 0.85
Ten Mile dark band 0.53 0.92

Although not directly related to this field trip, but because calcium carbonate is so widely used in industrial
applications, a lot of research has gone into methods to control mineralogy, grain size, and grain shape. Declet et
al. (2016) and Jimoh et al. (2017) present nice reviews of uses and methods.
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Curtis and Summerville Formations

Bill Hood

The Curtis and Summerville Formations comprise an unconformity-bounded pair that record the last intrusion
and retreat of the Jurassic inland sea. The lower bound is the J-3 unconformity of Pipiringos and O’Sullivan
(1978), with the Curtis lying on the eroded surface of the Entrada Formation. Fossil evidence (Wilcox, 2007;
Wilcox and Currie, 2008) indicate that the Curtis Formation is Oxfordian in age. Oxfordian spans the time interval
between 161.5 and 154.8 million years old (International Commission on Stratigraphy, 2026). The Curtis
Formation grades upward into the Summerville Formation, suggesting that the Summerville is not much younger.
The Summerville is bound on the top by the J-5 unconformity, which means that the true depositional thickness
in this area is unknown. The overlying unit is the Morrison Formation. Kowallis et al. (1998) analyzed zircons
from an ash bed 3 meters above the Morrison — Summerville contact and obtained an age of 155 Ma, which is
also Oxfordian. That means that the entire Curtis-Summerville sequence is of Oxfordian age.

The Jurassic Western Interior Seaway, also known as the Sundance Sea, extended into Utah as far south as
the Hanksville, Utah, area (Peterson, 1994a, b), the southernmost known occurrence of the Curtis Formation.
This is illustrated in Fig. 1.
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In Utah, the seaway occupied a foreland basin that was bounded on the west by an elevated plateau that was
present in Nevada. To the south, the Mogollon Highlands were shedding sediment northward (Lawton, 1994).
The remnants of the late Paleozoic Ancestral Rockies made the eastern border. Western North America had long
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been in an arid climate, the wind deposits of the Wingate Sandstone, the Navajo Sandstone and the Entrada
Formation attesting to that fact.

Curtis Formation

Overall, the Curtis Formation can be described as a greenish-gray, somewhat glauconitic sandstone 30 to 250
feet thick. The lowermost part begins with conglomerate deposits filling valleys cut into the underlying Entrada
Formation (Currie et al., 2005). Above this, the grain size varies from very fine to coarse, and the unit contains
both conglomerate and mudstone in places (Wilcox, 2007; Wilcox and Currie, 2008)). Compositionally, the
sandstones been described as subarkose and subarenite (Caputo and Pryor, 1991). (In the Folk classification, that
means that the rocks contain between 5 and 25% feldspar or rock fragments, respectively). Caputo and Pryor
(1991) divide the Curtis into three main facies, a sandstone-mudstone facies, a composite sandstone facies, and a
rippled silty facies. The sandstone- mudstone facies is not everywhere present and in places it can contain gravel.
Fragments of older units can also be present. The composite sandstone facies is the most extensive and thickest
part of the formation. It is the typical greenish-gray, spheroidal weathering sandstone of the Curtis. The rippled
silty facies is a fining upward sequence that is transitional into Summerville and is best developed in the southern
part of the basin. Wilcox (2007) and Wilcox and Currey (2008) recognized five different facies, and Zuchuat et
al. (2018) recognized 24 facies in three subdivisions, not all of which were present in any one outcrop. Kyle et
al. (2015) describe zones that contain silicified nodules, some hollowed and celestine-bearing, near the top of the
formation on the eastern flank of the San Rafael Swell. They also describe the occurrence of glauconite in thin-
sections of the sandstone, but green chlorite as determined by x-ray diffraction in the geodes. This leads to the
question of whether the green material called glauconite is really glauconite or chlorite.

Ever since Kreisa and Moiola (1986) recognized internal features of the Curtis Formation as being generated
by tides, is has been extensively studied, with the interpretations becoming increasingly more detailed as
sedimentologists’ understanding of tidal deposits increased (Caputo and Pryor, 1991; Wilcox, 2007; Wilcox and
Currey, 2008; Zuchuat et al., 2018, 2019a, 2019b). More recently, Zuchuat et al. (2022) made a mathematical
model of the tides of the Sundance Sea. They were able to account for many of the sedimentary features observed
in the Curtis Formation and concluded, among other things, that the Curtis arm of the sea was 40 to 45 meters
deep in its deepest part. They also have some nice photographs of tidal features preserved in the Curtis. (Fig. 2).

Fig. 2. Some tidal features
in the Curtis Formation.
This is part of Figure 2 of
Zuchuat et al. (2022).
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One might wonder about the source for the sand in the Curtis Formation. Prior to the invasion of the Curtis Sea, the area
was in the desert belt and the Entrada Formation covered the area. That is not an environment in which significant streams
are likely to occur. Some material may have reached to sea from the Mogollon Highlands in southern Arizona. The
Ancestral Rockies were either gone or almost gone, because Entrada Sandstone had covered much of the area. Thus, there
was probably no large amount of sediment arriving from the east. Some material may have entered from the higher area to
the west, but with evidence of a dry climate preserved in the overlying Summerville Formation, that contribution would
likely have been small. None of the outcrops that have been studied suggest that they were close to the western shore, so
any contributions from that direction would be pure conjecture. Therefore, most of the sand in the Curtis Formation would
most likely have been derived from the Entrada Formation.

Summerville Formation

The Summerville Formation was named by Gilluly and Reeside in 1928 for outcrops at Summerville Point,
about 20 miles northeast of Green River, Utah. The formation is rather widespread from eastern Utah into
northern New Mexico, although there is controversy about nomenclature and whether it the same unit in New
Mexico as in Utah (Condon and Huffman, 1988; Anderson and Lucas, 1992; Peterson, 1988; Condon, 1993;
Lucas, 2020; Cather, 2020). The Tidwell Member of the Morrison Formation has also been attributed to the
Summerville Formation, but Carpenter (2022) presents strong evidence that it is part of the Morrison Formation.

The Summerville Formation has an aerial extent across much of eastern Utah and down into northern Arizona
and New Mexico, although it is questionable if the Summerville in those two states is equivalent to the
Summerville in Utah (Lucas, 2020; Cather, 2020). It probably extended to about the Utah — Nevada border on
the west and is well-exposed on the western side of the San Rafael Swell, where it is over 300 feet thick. On the
east, it thins out near the Utah — Colorado border (Caputo and Pryor, 1991), although the unit now called the
Wanaka in Colorado National Monument was formerly called the Summerville Formation.

In the area of the field trip, the Summerville is characterized by alternating tabular layers of fine-grained
sandstone or siltstone and mudstone, giving it a distinctly banded appearance. It reminds one of a stack of
pancakes of a reddish-brown color. It contains some gypsum beds, especially in the area closer to the town of
Green River (Caputo and Pryor, 1991). There is a persistent zone near the top of the Summerville that contains
chalcedony, sometimes in red botryoidal forms (Stokes and Holmes, 1954). Gilluly and Reeside (1928), as well
as Peterson (1994b), mention that the formation has some limestone in some areas but don’t indicate where. They
also mention that chalcedony concretions are common, as are gypsum beds and nodules, but these not persistent.
Both Caputo and Pryor (1991) and Wilcox (2007) measured numerous Summerville sections west of and around
the nose of the San Rafael Swell as well as in the Salt Wash graben area but apparently found no limestone. The
only significant mention of limestone is in the reports on the El Grand manganese field (Harder, 1910; Pardee,
1921). The limestone beds are important, because these are related to the sedimentary manganese deposits south
of the field trip area. Thomas and Krueger (1946) report limestone in the uppermost Curtis near Vernal, UT, but
they did not recognize the Summerville Formation. This brings up the possibility that either the rocks that they
called uppermost Curtis are actually Summerville of modern usage, or that a limestone-producing environment
extended southward into the Ten Mile graben area when the Summerville was deposited.

Fossils are apparently rare in the Summerville Formation, but there is one interesting occurrence. Mickelson
et al. (2004) describe a pterosaur tracksite in the Summerville Formation near Ferron, Utah.

Caputo and Pryor (1988) describe two facies in the Summerville Formation, a reddish-brown silty facies and
a gypsiferous facies. They describe the former as subarkose and sublitharenite sandstones interbedded with
siltstone and mudstone, giving the facies a distinctly banded appearance. The presence of gypsum, shrinkage
cracks, raindrop impressions, and similar feature point to subaerial exposure. Their scarce paleocurrent
measurements suggest a clock-wise current rotation when viewed from above, with flow to the northeast measured
in outcrops on the western side of the San Rafael Swell and toward the south and southeast east of the Swell closer
to Moab. They observed channels cut into the sandstones in the western outcrop belt. The channels are 1 to 5
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feet deep by 7 to 25 feet wide. The gypsiferous facies also contains abundant small-scale scours and fills,
depositional sequences containing both fining -upward and coarsening upward sequences.

Paleogeographic studies indicate that the North American continent was moving northward during Jurassic
time. Kocurek and Dott, (1983) presented maps that that showed the northern migration and indicated that at the
time of Summerville Formation deposition, the area was approximately 22 degrees north of the Equator. More
recent studies by Buzard and Butler (1992) indicate it was closer to 34 degrees, a value in line with that used by
Zuchuat et al. (2018) in their calculation of tidal effects. In today’s world, most of the large deserts are located
near 30 degrees north and south of the equator, the so-called Horse Latitudes. These are areas of high pressure
where dry air from the Hadley Cell descends and heats up, creating arid conditions on the Earth’s surface.
Assuming that the same configuration was present in the Jurassic, the Summerville Formation would have been
deposited in an arid. Assuming that there was not a lot of continental movement between Summerville Formation
and Curtis Formation, the Curtis Formation would have also been deposited in an arid climate.
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Little Grand Manganese District
Bill Hood

The Little Grand (formerly spelled Little Grande) manganese district is an area 3 miles wide and perhaps 15
miles long, located about 10 miles south of Highway 1-70. Beginning a few miles southeast of the town of Green
River, it is roughly parallel to I-70 and follows the outcrop of the Summerville Formation, which contains the ore.
Most of the productive locations are south of the Ten Mile — Salt Wash graben complex, but a few prospects and
small mines are in the Summerville outcrops north of the grabens. The first use of the Little Grand name for the
district seems to be by Harder (1910), and was named after a location on the Rio Grande Western Railroad, 8.8
miles west of Crescent Junction, UT (2.1 mi. west of Floy).

The first (and largest) manganese deposit was discovered by E. T. Wolverton while prospecting in 1900. The
Colorado Fuel and Iron Company (CF&I) acquired the main deposit, which in 1903 consisted of 643 acres of
patented claims and another 1640 acres of unpatented claims. The company established a mining headquarters,
called Riverside, a few miles south of the mine on the Green River, the water source, and built a road from the
river to the mine and from there to the railroad at Little Grand. The ore was hauled by a steam engine and
specially-built wagon (Fig. 1). The pair could haul up to 20 tons of ore at a time. The steam engine required a
lot of water, about 100 gallons per mile, which necessitated having five 1,000-gallon water tanks between the
mine and the railway. The trip took some time, as the average speed was 4 miles per hour. (Anonymous,1903).

Traction Engine and One of the Wagons Used for Hauling Ore From the Deposits to the Railway.

Fig. 1. The engine and ore wagon in operation by CF&I from 1901 to 1906 (Anonymous, 1903).

The CF&I mine operated in 1901, 1903, 1904 and 1906, producing about 4,000 tons of high-grade ore. Mining
ceased until 1915, when prices for manganese increased and made mining potentially profitable again. At that
time, three companies operated in the district, producing about 8,000 tons of ore until prices dropped at the end
of WWI (Pardee, 1921). No mining occurred up to 1939, when some evaluation work was done in that year and
in 1940 (Baker, et al., 1952). I found no more recent information on production although Dick Dayvault (personal
communication, 2004) indicated that there was some minor production during the Korean war. The deposits are
tiny by today’s mining standards.
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An early description of the ore bodies was by the reporter for Camp and Plant Anonymous (1903), who reported
that the ore followed bedding planes between layers of “Triassic sandstone.” He reported that the ore was in
multiple layers in well-defined, north-trending channels, with the mineralized zone having a total thickness of
about 5 feet. The first geological description of the area is by Harder (1910), who described the deposits as surface
blankets, consisting partly of surface float and partly of replacement of red limestones. He described the deposits
as occurring at the top of the thin-bedded limestone and sandstone formations and implied that they were possibly
an ancient lag accumulation that was later buried and recently exhumed.

Pardee (1921) described the deposits in more detail, pointing out their common association with red limestone.
The limestone is in layers up to a foot thick, with layers separated by reddish-brown sandy clay. The limestone
interval is 5 to 15 feet thick, with some of the layers locally replaced entirely or partly by manganese
mineralization. He described the in-situ deposits as typically thin layers, usually 3 to 5 inches thick, but rarely
up to a few feet thick. The individual mineralized zones are typically only a few 10s of feet wide and. where
exposed near a cliff edge, do not appear to extend very far back from the edge. The manganese minerals are
manganite and pyrolusite. Calcite, gypsum and barite also occur in the ore, and celestine occurs below the ore
bodies in places. Pardee also noted that the limestone contains specks of a reddish mineral, possibly rhodochrosite
or kutnohorite, that when heated turns black.

Baker et al. (1952) reported that the blanket deposits are all associated with limestone, which is a minor
component of the Summerville Formation in the Little Grand district. The manganese mineralization is either in
the limestone beds or immediately beneath them. The limestone layers are lenticular and are more extensive than
the manganese mineralization. At some locations, there is only one mineralized layer; at others there are several.
Most of the lenses are only a few inches thick and small; the largest is only a few hundred feet in maximum
dimension. At some locations, there are small veinlets, usually less than 0.5-inch wide. At other places there are
sandstones impregnated with manganese minerals, but these are too low grade to be ore. Many of this type of
deposit contain a sooty pyrolusite that is not recoverable by the mining methods in use at the deposits.

Two other publications mention the Little Grand district. McKnight (1940) wrote a paragraph about the area
in U.S.G.S. Bulletin 908 and Bowman (1960) wrote a short summary of the area, mainly taken from Baker et al.,
(1952).

Speculation as to the origin.

Pardee (1921, recognized that there were specks of manganese carbonate in the limestones. That prompted
him to propose a hypothesis for formation of the ore bodies. He suggested that weathering of the manganese-
bearing limestone far up dip from the present ore bodies released manganese into solution. The dissolved
manganese migrated in ground water to its present location, where it partially replaced the limestone and filled
minor cracks in the underlying sandstone, creating the ore bodies.

There are some problems with Pardee’s hypothesis. First is a volume problem. Baker et al. (1952) reported
two analyses of Mn in the limestone, 0.02 and 0.48%. They did not indicate whether the values were for Mn or
MnO. Assuming the value was for Mn, using the average of those values and the weight of a cubic foot of typical
limestone (165 Ib.), it would take about 4,850 cubic feet of limestone to produce a ton of Mn. If the analysis value
was MnO, the amount of limestone would be 1.3 times higher. To concentrate the 4,000 tons of ore produced at
the mine would require 19.4 million cubic feet of limestone to dissolve and the manganese be transported to the
mine area. That is a lot of limestone. The second problem is moving the dissolved manganese. Thin beds of
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limestone would not be a good aquifer. Could the Mn have been transported to the mine location from somewhere
up dip through such an aquifer? The third problem is geochemical. Manganese in the +2-valance state is soluble
and easily transported, but the ore has Mn in the +4-valence state. The Mn would have to be mobilized in a
somewhat reducing environment and then reprecipitated in an oxidizing environment underground. The
combination of these three factors makes Pardee’s hypothesis unlikely.

Baker et al. (1954) also pointed out that there appears to be no association with structure and suggest that the
manganese may have been deposited with the associated sediments. There are a very large number of sedimentary
manganese deposits around the world (Hewett, 1966; Kuleshov, 2010), and they are mostly confined to specific
times in Earth history (Kuleshov, 2010; Roy, 2006; Maynard, 2010). These episodes are associated with anoxic
events in the ocean (Roy, 2006; Force and Cannon, 1988; Force and Maynard, 1991; Calvert and Pederson, 1996;
Xu et al., 2025), which allows manganese to accumulate as Mn+2 in sea water, and with highstands of the sea,
which allow the Mn-bearing water to flood onto the continent. There is a growing body of evidence that the Late
Jurassic, including the Oxfordian (the age of the Summerville Formation) was a time of low oxygen levels
(hypoxia, and perhaps even anoxia in the ocean (Rogov et al., 2020; Gernon et al., 2024). The Summerville
Formation represents the retreat from a high stand of the ocean, being the last landward intrusion of the Jurassic
Inland Sea into western North America. Such a high stand could have brought Mn-rich water into a shallow, well-
oxygenated area during Summerville time, where the manganese would have been oxidized and precipitated as
either pyrolusite or manganite. Wilcox (2007) demonstrated that the Summerville is the approximate equivalent
to the Redwater Member of the Stump Formation, which occurs near the Uinta Mountains. Within the Redwater
Member there is a 15-meter thickness of laminated black shale (Wilcox, 2007). This represents a low-oxygen
environment in which any manganese present could have been reduced to the +2-valence state and thus be
available for transport by currents. (See Eh-pH diagram below). Dong et Microbes may play a role in
sedimentary manganese deposits (Yu et al., 2021; Xu et al., 2024; al., 2024), although this has not been
investigated for the Little Grand deposits.
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Under typical conditions, Mn is nearly insoluble in sea water (Fig. 2). However, under anoxic conditions
(lower Eh) it is soluble and can accumulate in the water. If such water it transferred by currents into an oxygen-
rich environment, it will precipitate as either pyrolusite or manganite. For example:

Mn*? + H,O + % O2 = MnOs + 2H".

Notice that anything that would use up the hydronium ion will drive the equation to the right and precipitate
pyrolusite. If there is calcite around, this can happen:

2 H' + CaCO; © Ca™ + H,CO;, > Ca™ + H,0 + CO».

Oxidation of the Mn"? generates the H' ion needed to dissolve the calcite. This gives a nice chemical way to
replace limestone with a manganese oxide mineral. We examined 10 randomly collected pieces of manganese
ore in the CMU X-ray lab. All of the samples were pyrolusite and all contained a little quartz. Caliche coatings
were present on most pieces.

Photographs of manganese ore. Scale is in centimeters.

Photo 1. Close-up of manganese mineral with calcite. This may be a piece of replaced lime-stone
but it was an isolated piece of float downhill from the old mine so the origin is uncertain.
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The photos below are of pieces of manganese ore collected from the old mine area.

Photo 2. Larger pieces of manganese ore. These were found downslope from the old mine.

Photo 3. Small pieces of manganese ore, partly coated with caliche. Pieces like this are abundant
scattered on the surface near the old mine.
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Photo 4. Caliche coating on a piece of manganese ore. The coating, present on only one side, is up
to a half -centimeter thick.
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