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The Agate Mountain quadrangle is located at the southern end of South Park, in central Colorado.  It spans a high mountain valley (the Wagon Tongue graben), along with portions of a ridge
(Kaufman Ridge, in the southwestern part of the quadrangle), and an upland (the Hartsel uplift, in the northeastern part).  A drainage divide, oriented approximately northwest-southeast, extends
across the quadrangle.  South of the divide, Badger Creek and Wagon Tongue Creek are in the Arkansas River drainage basin.  North of the divide, Agate Creek and Little Agate Creek are in the
South Platte River drainage basin.  At an elevation of 3040 m, Agate Mountain is the highest point on the quadrangle.  Kaufman Ridge, the Wagon Tongue graben, and the Hartsel uplift comprise
three fault-bounded structural blocks, which were active and moved independently of each other in the late Paleozoic, late Mesozoic, and Cenozoic eras.  The Rye Slough fault separates Kaufman
Ridge on the west from the Wagon Tongue graben on the east.  The Agate Creek and Little Agate Creek faults separate the Wagon Tongue graben on the west from the Hartsel uplift on the east.

Regional Setting

Major Structural Features

Many periods of tectonism affected the rock formations on this quadrangle, but those that are the most evident are: 1) the ancestral Rocky Mountains orogeny (late Paleozoic), 2) the Laramide
orogeny (Late Cretaceous to Eocene), 3) Eocene-Oligocene tectonics, and 4) Rio Grande rifting (Neogene).  Evidence for reactivation of several structural features exists on the quadrangle.  The
most prominent structural features are as follows:

The Hartsel uplift underlies the northeastern part of the quadrangle.  The lack of lower and middle Paleozoic rocks beneath erosional remnants of late Paleozoic rocks on the uplift indicates that it
was part of the Frontrangia uplift (Mallory, 1958) during the late Paleozoic.  The lack of Mesozoic rocks indicates that it was again a positive feature during the Laramide orogeny.  The thin
sequence of Eocene and Oligocene rocks and the lack of Miocene rocks indicate that the uplift was also a positive feature during the Eocene, Oligocene, and Miocene.

Agate Creek and Little Agate Creek faults, together with the unnamed west-northwest trending fault along Agate Creek, form the western boundary of the Hartsel uplift.  No fault plane exposures
were found on the quadrangle; we interpret them to be high-angle reverse faults.  Subsurface data indicate down-to-west movement of as much as 520 m.

Kaufman Ridge underlies the southwestern corner of the quadrangle.  The presence of lower and middle Paleozoic rocks beneath a thick sequence of upper Paleozoic rocks indicates that Kaufman
Ridge was part of the central Colorado trough (De Voto, 1972) during the late Paleozoic.  The absence of Mesozoic rocks indicates that it became a positive feature during the Laramide orogeny.
Erosional detritus from Kaufman Ridge occurs in the Eocene, Oligocene, and Miocene rocks in the Wagon Tongue graben (described below), indicating that the ridge continued to be a positive
feature during those epochs.

Rye Slough fault forms the eastern boundary of Kaufman Ridge.  It was mapped by Wallace and others (1999) on the Gribbles Park quadrangle to the south.  During the current mapping project, it
was found to extend northward onto the Agate Mountain quadrangle.  No fault plane exposures were found, and it is interpreted to be a high-angle fault dipping to the east.  Subsurface data indicate
that fault movement was down-to-west during the late Paleozoic, and down-to-east during the Laramide, Eocene-Oligocene, and Neogene tectonic episodes.  The top of the Proterozoic rocks is
currently about 450 m lower on the east side of the fault relative to the west side, as depicted in cross-section B-B’.  Drill holes west of cross-section line A-A’ on the adjoining Castle Rock Gulch
quadrangle show similar displacement of the top of the Proterozoic rocks (Wyoming Mineral Corporation, unpublished uranium exploration data).

Wagon Tongue graben is bounded on the west by the Rye Slough fault, and on the east by the Agate Creek, Little Agate Creek, and associated faults.  In the graben, the Proterozoic rocks are
overlain by several hundred meters of arkosic sediments; lower and middle Paleozoic rocks are not present.  Lithologic summaries from drill holes identify these arkosic sediments as the Echo Park
Alluvium, but the Echo Park and Minturn/Maroon formations look very similar in this part of South Park.  The most obvious difference is that the Minturn/Maroon formations contain interbedded
carbonates with Paleozoic marine fossils.  Carbonates and possible Paleozoic rocks were noted in some of the subsurface descriptions, and both of the small arkose outcrops on the quadrangle are
capped by fossiliferous marine carbonates.  For these reasons, it seems likely that at least some of the arkosic rocks in the subsurface belong to the Minturn/Maroon formations.  In other parts of
South Park, the composite thickness of the Minturn and Maroon formations is over 3000 meters.  If these formations are present in the Wagon Tongue graben, they are relatively thin.  The arkosic
rocks are overlain by relatively thick layers of Wall Mountain Tuff, Tallahassee Creek Formation, Antero Formation, and Wagontongue Formation.  In the northern drill holes, the logger had
difficulty identifying the contact between the Tallahassee Creek and Antero formations, logging them as undifferentiated.  This supports the interpretation that the contact between the two is
gradational in this part of South Park.  Cenozoic movement on the Rye Slough fault was likely greater than on the Agate Creek and Little Agate Creek faults.  These relationships suggest that the
Wagon Tongue graben is better described as a half-graben.  If the above interpretations about the Wagon Tongue graben are correct, then the area that is now the graben was part of the Frontrangia
uplift in the late Paleozoic.  It was also uplifted during the Laramide orogeny, but during the Eocene, Oligocene, and Miocene epochs it subsided and accumulated locally derived sediments.

Trump fault and associated structures occur in the northern and central parts of the quadrangle, in the Wagon Tongue graben.  The fault is named for the abandoned townsite of Trump, located
approximately 3.5 km north of the fault.  It is a high-angle, down-to-south fault with approximately 300 m of displacement on the Antero-Wagontongue contact, and strikes N50E.  At least one
similar, unnamed fault occurs to the north of it.  A syncline occurs southeast of the Trump fault, the westernmost in a series of folds between the Trump fault and the Little Agate Creek fault to the
east.

Wagon Tongue Creek fault occurs in the southern part of the quadrangle, in the Wagon Tongue graben.  It is a high-angle, down-to-north fault that offsets the Antero-Wagontongue contact by
about 30-60 m.  A large syncline occurs on the downthrown side of the fault; it may have formed as a result of fault movement.  The Wagon Tongue Creek fault has the same orientation as the
Trump fault.

Stratigraphy and Structural Evolution

Proterozoic rocks crop out at the surface on both Kaufman Ridge and the Hartsel uplift.  The oldest comprise a suite of granites and granitic gneisses, (units Ygp, YXgg, YXfg, and YXg).
These were cut by ductile shear zones with mylonites (Yd) trending northeast and west-northwest.  The mylonite in the southwest corner of the quadrangle is on a fault that was later
reactivated to offset the Manitou Formation (Om).  The mylonites in the southeast part of the quadrangle have the same orientation as the Wagon Tongue Creek fault, and the mylonites in
the northern part of the quadrangle have the same orientation as the Trump fault and the unnamed fault on Agate Creek.  Though some of these faults have moved as recently as the
Neogene, they likely have their origins in structures that first formed in the Proterozoic.  Northeast trending shear zones are likely reflective of regional transpressive, contractional
shortening coeval to emplacement of these rocks during the Berthoud orogeny (Sims and others, 2001).  The Proterozoic rocks have prominent jointing, and these joints are the main
conduits for groundwater movement in these rocks.  The diagram below shows the orientations of joints measured in the Proterozoic rocks.  They, too, are similar to the orientations of the
major faults and mylonites in the area.

The granite suite was metamorphosed in places, causing foliations and augen to develop.  Afterward, the Proterozoic rocks were intruded by alkali feldspar granite (unit Ya).  A brittle-
ductile shear zone cut the unit in the northern part of the map area, forming mylonite unit Ybd.  Dikes and small bodies of pegmatite and aplite (unit Yp) intruded the Proterozoic rocks,
especially in and around unit Ya.  Mafic dike Yi intruded unit Ygp on the northern edge of the map; it trends parallel to the west-northwest shear zones in the area.

The distribution of the lower and middle Paleozoic sedimentary rock formations over a broad area (Ross and Tweto, 1980) implies that these rocks were originally deposited over the
entire quadrangle, but were subsequently eroded away on the Hartsel uplift and the area that became the Wagon Tongue graben.  They crop out only in the southwestern corner, on the east
side of Kaufman Ridge.  Formations include the Manitou (Om), Harding (Oh), Fremont (Of), Dyer (Dd), and Leadville (Ml).  They were deposited as shallow marine sediments on a
continental shelf that was, for the most part, tectonically stable.  Each formation is bounded by unconformities, indicating long periods of exposure and erosion between episodes of
deposition.  The upper surfaces of the carbonate formations developed karst in places, and chert was later precipitated in voids.

During the late Paleozoic Era, the quadrangle was at the boundary between the Frontrangia uplift to the east and the central Colorado trough to the west.  On the Antero NE quadrangle to
the north, the Agate Creek fault bounds the western edge of the uplift (Barkmann and others, 2018).  However, subsurface data indicate that the Rye Slough fault is the bounding fault on
the Agate Mountain quadrangle.  West of the fault, approximately 300 m of Ordovician through Mississippian rocks, as well as the lower part of the Belden Formation (Pb), overlie the
Proterozoic rocks.  Where not removed by erosion or faulting, approximately 3300 m of additional Pennsylvanian and Permian(?) rocks are present in this part of the central Colorado
trough.  East of the Rye Slough fault, less than 600 m of probable upper Minturn and lower Maroon formations (P*mm) overlie the Proterozoic rocks in the 15 drill holes studied for this
project.  The Ordovician, Devonian, and Mississippian rocks, Belden Formation, lower Minturn Formation, Coffman Member, and Minturn evaporites are all missing.  The preceding
discussion implies that a large east-west fault exists in the northern part of this quadrangle or the southern part of the Antero NE quadrangle.  This down-to-north fault would have
connected the Agate Creek fault and Rye Slough fault, forming part of the boundary between the late Paleozoic central Colorado trough and the Frontrangia uplift.  The Belden Formation
was deposited in the central Colorado trough, under marginal marine conditions.  The upper Minturn and lower Maroon formations were deposited in river valleys and shallow seas on the
Hartsel uplift.  The sandstones and conglomerates are formed of arkosic sediments shed from Proterozoic rocks on the uplift, and the carbonates (P*mmc) were formed as mounds in
shallow marine water around the edges of the uplift.  An important consequence of the late Paleozoic geologic history within the mapped area is that there are few or no evaporites
underlying the quadrangle.  On Kaufman Ridge they have been eroded away, and they were probably never deposited in the Wagon Tongue graben or on the Hartsel uplift.  Thus, the
subsidence problems and groundwater contamination problems caused by evaporite rocks in other parts of South Park are not likely to occur on the Agate Mountain quadrangle, except
possibly in the northwestern corner.

The regional distribution of Mesozoic sedimentary rock formations over a broad area of the western United States implies that these rocks were originally deposited over the entire
quadrangle but were subsequently eroded away during or after the Laramide orogeny.  The orogeny began in the Late Cretaceous and continued into the Eocene (Raynolds, 1997).  It was
dominated by contractional deformation; the Paleozoic rocks cropping out on the quadrangle are steeply tilted as a consequence of this compression.

Near the end of the Laramide orogeny, the Hartsel uplift was segmented into several internal basins and uplifts.  Arkosic sediments mapped as Echo Park Alluvium accumulated in alluvial
fans within the basins as they developed (Epis and Chapin, 1974; Chapin and Cather, 1983).  No Echo Park Alluvium was seen in surface outcrops, but cuttings from drill holes in the
northwestern and central parts of the quadrangle were identified as possible Echo Park Alluvium.  Because the arkosic sediments in the upper Minturn and lower Maroon formations are
very similar to those in the Echo Park Alluvium, they are shown as undifferentiated (:P*) in the cross-sections.

Faulting and folding continued after the Laramide orogeny, but was accompanied by widespread volcanism.  Eocene and Oligocene rock formations on the quadrangle record volcanism
accompanied by fluvial and lacustrine sedimentation from approximately 37 to 33 Ma.  Steeply dipping Wall Mountain Tuff (:wm) occurs on the western and southern flanks of the
Proterozoic erosional remnants of the Hartsel uplift.  The silicic tuff is thought to be the deposit of a single, large pyroclastic flow that came from a volcano located somewhere to the west
(Epis and Chapin, 1974).  The orientation of the dipping tuff mimics the paleotopography of the uplift, implying that the pyroclastic flow was obstructed by the uplift and came to rest
against it.  The Wall Mountain Tuff event was followed by andesitic volcanism that produced lava flows and lahar deposits of the middle andesite series of the Thirtynine Mile volcanics
(unit :am; Barkmann and others, 2018).  These flows and lahars are thought to have come from the Guffey volcanic center, located approximately 18 km to the east (Epis and Chapin,
1974).  In the east-central part of the quadrangle, outcrops of a trachydacite autobreccia (:ab) occur around the unnamed fault along Agate Creek.  The autobreccia is strongly altered,
with large patches of calcite in the matrix.  It may be altered :am, or it may be a separate volcanic unit.  Erosional remnants of a prominent rhyolitic volcanic breccia (:bb) from an
unknown source cap the andesitic volcanic rocks.  The breccia includes ignimbrites and lahars that were deposited on the eastern part of the quadrangle.  In the northeastern part of the
quadrangle, the rhyolite breccia is overlain by a trachybasalt lava flow (:bs), which may be an erosional remnant of the upper andesite series of the Thirtynine Mile volcanics.  It is also
thought to have originated in the Guffey volcanic center (Epis and Chapin, 1974).  Following deposition of the Thirtynine Mile volcanics, volcaniclastic sediments of the Tallahassee
Creek Conglomerate (:tc) were deposited on the quadrangle as debris flows, fluvial deposits, and lacustrine deposits.  Lacustrine limestone formed unit :tcl.  Near the end of the
deposition of the Tallahassee Creek Conglomerate, repeated eruptions of Mt. Aetna blanketed parts of the quadrangle with thick deposits of ash and pumice, some of which were reworked
into fluvial and lacustrine deposits of the Antero Formation (:a; McIntosh and Chapin, 2004).  Most of the pyroclastic flows in the Antero Formation on the quadrangle are unwelded, but
one small welded tuff formed unit :at.  Limestone precipitated in lakes to form unit :al.  Following a period of erosion, eruption of the Bonanza caldera blanketed the southern part of
the quadrangle with rhyolitic pyroclastic flows that became the Gribbles Park Tuff.  During deposition of these volcanic and volcaniclastic formations, the Wagon Tongue graben subsided
and received thick accumulations.  Kaufman Ridge and the Hartsel uplift subsided much less, and received thinner accumulations.  On Kaufman Ridge, the accumulations were mainly in
paleovalleys (Wallace and Keller, 2003).  On the Hartsel uplift, the volcanic and volcaniclastic rocks are more widely distributed.  Gravel clast compositions indicate that Kaufman Ridge
was a source of sediment during deposition of the Tallahassee Creek Conglomerate, and to a lesser extent, the Hartsel uplift.  During deposition of the Antero Formation, the Thirtynine
Mile volcanics on the Hartsel uplift were a major source of sediment.  Kaufman Ridge also supplied a lesser amount of sediment in the western part of the quadrangle.  Faults and folds
deform the Antero Formation, and an angular unconformity separates it from the Wagontongue Formation, indicating that tectonic activity continued after deposition of the Antero
Formation.

During the Miocene Epoch, the Wagontongue Formation (Nwt) was deposited over the Antero Formation and Gribbles Park Tuff, in the Wagon Tongue graben.  It, too, is composed of
volcaniclastic deposits.  Deposits on the west side of the quadrangle contain clasts from Kaufman Ridge, and deposits from the east side contain clasts from the Thirtynine Mile volcanic
series on the Hartsel uplift.  This indicates that Kaufman Ridge and the Hartsel uplift were still positive features during the Miocene.  Fluvial channel and debris flow deposits are
common adjacent to the edges of the uplifts, whereas the central area contains more fine-grained deposits with paleosols.  These are interpreted to be alluvial fan and alluvial plain
deposits, respectively, which accumulated in the Wagon Tongue graben between the Rye Slough and Little Agate Creek faults.  Folds and faults deform the Wagon Tongue Formation.
Some of the faults have hundreds of meters of offset.  This deformation is coeval with the opening of the Rio Grande rift.

Throughout the Pleistocene, much of the high-elevation terrain (above 3000 m) in the region was covered by snow and ice during periods of glaciation. Units Qg and Qgo consist of
coarse-grained sediments deposited during interglacial periods when stream discharge was greater than modern times. During these interglacial periods, streams carrying a significant
amount of sediment from the high-elevation glaciated areas deposited it as gravel in river valleys. Later fluvial downcutting left fluvial terraces, such as those along Agate, Little Agate,
Wagon Tongue, and Badger creeks, along portions of their channel lengths. Agate and Little Agate creeks flow west-northwest through the northern portion of the quadrangle. Sediments
transported by these creeks were predominantly derived from the Thirtynine Mile volcanic field. In the southern part of the quadrangle, Wagon Tongue and Badger creeks originate near
Agate Mountain and flow south-southwest. Sediments in these creeks are eroded from volcanic bedrock units and also reworked from the Wagontongue Formation. Since the Late
Pleistocene, modern channels have continued to undergo periods of incision and aggradation. The deposits consist of Holocene alluvial terraces and sediment in associated floodplains
that are underlain by units Qa2 and Qa1. Ephemeral streams draining higher elevations in the quadrangle are underlain by unit Qau which was likely deposited throughout the Holocene by
seasonal storm events. Sediments were transported and deposited as relatively thin (around 1.5 m in thickness) alluvium within ephemeral stream channels. Unit Qsw was deposited in a
similar way, except during storm events water transported sediment by overland flow rather than channelized flow.

Debris-flow fan deposits (Qdf) are locally interbedded with units Qa1 and Qa2, especially along Wagon Tongue and Badger creeks. Their position in the landscape and stratigraphic
relationship with other deposits indicates repeated debris-flow events. These have probably occurred during above-average precipitation events since the Late Pleistocene, and they
continue to be potential geologic hazards today. Landslides (Qls) in the quadrangle have occurred at or near the contact with unit Qgo and the underlying Wagontongue Formation.
Landsliding was probably caused by increases in pore pressure from above-average annual precipitation or storm events during the Pleistocene and Holocene.
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