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Figure 12: Cosmogenic burial age dating sites. A: View downstream near RM 134.5 of
the Piano slide; B: View from Deer Creek Falls of Poncho’s slab burying a 61 m strath
and 133 m spillway height (note beveled slab near Redwall Limestone block capping
Rampart Cave slab); C: Poncho’s Cave sampling site for K10-136.1-SV; D: red, fine-
grained headscarp basin deposits within Surprise Valley, characteristic of sampled
materials for K14-Surp-1 and 2, capped by pediment surface that buttresses Surprise
Valley blocks A and B.
Cosmogenic burial ages on the Surprise Valley landslide and related sediments
Figure 12 and Table 2 summarize cosmogenic burial age samples related to the
Piano, Poncho’s, Cogswell West, and Surprise Valley landslide segments. Sufficient
shielding of quartz-rich river sand and quartzite cobbles allowed cosmogenic burial age
dating of Colorado River straths beneath Piano slide (Fig. 12A) and Poncho’s (Fig. 12B

and C) and were previously reported by Crow et al. (2014) in the context of long-term

incision rate studies. Headscarp basin deposits were sampled north of Cogswell West and
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in Surprise Valley (Fig 12D). Table 2 summarizes cosmogenic samples utilized in this
study.

River gravel and sand beneath Piano slide at a height of 70 m gave an age of 0.88
+ 0.44 Ma (20), while gravels on the 65 m strath downstream are not sufficiently shielded
to permit dating via the cosmogenic burial method. River sand sampled in the Poncho’s
paleochannel at RM 136.7L gave an age of 0.98 + 0.42 Ma (20). K14-Surp-1 and K14-
Surp-2 samples are derived from eroded hillslopes with minimal modern shielding at 0.3
m for K14-Surp-1 and 4 m for K14-Surp-2. However, nearby pediment surfaces projected
over sample locations would place these deposits at depths of 20 and 16 m, respectively,
both greater than the minimal 10 m required to prevent post-burial production. Assuming
zero surface erosion, K14-Surp-1 gave a maximum burial age of 0.14 and K14-Surp-2
gave an age of 0.212, both with large errors, therefore making it difficult to interpret.

We apply the following assumptions to amalgamated sand samples. Tributary
basin-wide erosion rate estimates in eastern Grand Canyon of ~100 m/Ma suggest that
the samples could have been shielded by the required >10 m of material until the last 100
ka (Cleveland et al., 2006; Darling, Whipple, Nichols, Clarke, & Bierman, 2014; Nichols,
Webb, Bierman, & Rood, 2011). Post-burial production is ignored in age calculations,
thus ages should be considered minimum burial ages. Crow et al. (2014) reported
cosmogenic burial ages for Piano slide and Poncho’s; however, this study provides the
best context for understanding the importance of these dates in terms other than strict
river incision histories. Due to the large inherent error on both dates associated with low
[Al] and the inverted ages (i.e. higher strath dated younger), presented a weighted mean

age of 932 +/- 304 ka for both the Piano and Poncho’s events. In a general sense, we
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Table 2: Cosmogenic burial sampling

Table 2: Cosmogenic Burial Sampling

Sample Landslide Latitude Longitude | Elevation (m) | Immediate Burial depth (m) | Projected Burial Depth (m) | Height ARL (m) | [10Be] [26A1] | Minimum Burial Age (Ma, 10 error)
ADO8-GN135-1 Piano 36.381 -112.4881 670 30 - 70 126.7 £7.8 570+ 51 0.88+0.22
K10-136.1-SV Poncho's 36.3891 -112.5162 680 - - 61 785+25 336+33 0.98+0.21
K14-Surp-1 Cogswell West  36.3982  -112.4940 1024 0 20 - - - 0.14

K14-Surp-2 Surprise Valley 36.3958 -112.4738 1095 4 16 - - - 0.212
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consider this age to be the best available for dating the Surprise Valley landslides as a
whole, but strath and fill terrace heights and inset relationships discussed above suggest
some segments were active at different times. For dated events, the older age corresponds
to the lower strath height, but both ages are statistically unresolvable due to errors
inherent with the method. Therefore, we consider the weighted mean age of 932 + 304 ka

as the best age for the bulk of landsliding in the Surprise Valley area.
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Chapter 5

DISCUSSION AND IMPLICATIONS

Restored cross-sections, detachment and paleochannel heights, and cosmogenic
burial age dating results show that topography within the Surprise Valley area have
evolved in step with landsliding events over the last ~3 Ma, summarized by Figure 13.
With each event, landslide debris formed relatively stable lake-forming landslide dams;
Table 3 summarizes heights and elevations of straths and spillways for each damming
element. Based on paleochannel heights between 300 — 325 m above the modern river
and a long-term bedrock incision rate of 100 m/Ma in central Grand Canyon, the
Colorado River formed a canyon in the Surprise Valley area prior to 3 Ma. This canyon
was incised into the Rampart Cave member on Surprise Valley’s eastern flank and into
the upper Muav Limestone to the west (near modern day Tapeats and Deer Creeks,
respectively), leaving behind paleochannels in these two locations. At ~3 Ma, Surprise
Valley Torevas A and B comprising the northern canyon wall collapsed into the Surprise
paleotopography creating a landslide dam to an elevation of at least 1200 m, based on SV
Block A and B debris remaining in western Surprise Valley. No evidence was found
suggesting the Surprise Valley landslide dam comprised of SV blocks A and B was
overtopped. Instead, a lower paleo-saddle likely existed in the Granite Narrows area at
<1200 m elevation above sea level. After damming, Lake Cogswell was impounded
behind the landslide debris and spilled over the paleo-saddle, thus integrating the

Colorado River through the Granite Narrows area.
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Figure 13: Surprise Valley paleogeographic maps for ~3, 3-1, 1, and >>1 Ma. Yellow
polygons show landslide blocks active during individual times or time intervals. Green
line shows Redwall rim while red line shows Rampart Cave member outcrops. Black
arrows show paleo-tributary and river courses. River Miles from Stevens (1983).

Between 3-1 Ma, the Colorado River flowed along the Granite Narrows section
with a channel carved into Paleozoic strata. Over this time period, landslide dam debris
and paleochannel height constraints require the Colorado River to incise from <600 m
above the modern river at the saddle spillway to ~70 m paleochannel height preserved
beneath the Piano slide, suggesting a reasonable incision rate of 265 m/Ma. For

comparison, incision rates as high as 550 m/Ma have been documented associated with

the upstream migrating knickpoint in Black Canyon of the Gunnison (Donahue et al.,



36

Table 3: Gravel heights and landslide dam heights/elevations

Table 3. Gravel heights and landslide dams
Dam Name | River Mile .Hwﬁozhw _M,”.__. w?ﬂﬁﬂmﬂﬁ; .__w_...ﬁwhum “M mﬂ. .B_WHMH ﬂﬁ“ﬂﬂ; :”w H..Hﬁ”.ﬂﬂ. .a_wwnomu ﬁ”ﬂﬂ; Age (Ma) Age/Dating method Reference
Surprise Valley | 135.5 609 - 590 N/A ~915 ~300- 325 <1200 <600* ~3 300 m height at 100 m/Ma incision  this study
Piano 135 593 70 663 70 >715 >122* 0.88 + 0.44 (20) cosmogenic burial Crow et al. (2014)
Poncho’s 136.5 586 61,133 647 61 719 133 0.98 £ 0.42 (20) cosmogenic burial Crow et al. (2014)
133-Mile 133 597 136, 164 N/A <75 761 164 ~1 strath correlation this study
DC3 137 586 N/A 563 *-23 >614 >25% ~0.21 strath correlation & OSL/IFSLon seds Webb et al. (2005)

* Assuming modemn strath 25 m below modern river level
* Dam spillway height based on preserved bedrock or landslide debris fill elevations
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2013). Moreover, if the spillway saddle stood at a lower elevation or the Surprise Valley
damming event was older than 3 Ma, the required incision rate was been lessened and
would compare more favorably with background bedrock incision rate estimates for
Grand Canyon (e.g. (Crow et al., 2014).

By ~1 Ma, the Colorado River and tributaries carved to a height between 75 and
61 m above the modern river and tributaries, evidenced by paleochannels beneath 133-
Mile at <75 m, Piano at 70 m, and Poncho’s at 61 m (Fig. 13). Tributary heights along
Tapeats Creek between 78, 68, 83 m also suggest reactivation of the Surprise Valley
blocks A and B to the east of Surprise Valley occurred around 1 Ma. Detachment
structures trend to the southeast from the Cogswell West graben to the west across the
south face of Cogswell Butte to the Bonita Creek slide. While the Bonita slide may have
also been a reactivation of SV blocks A and B, the Piano, Cogswell West, and
Poncho’s/DCI slides represent fresh failures at 1 Ma. At a slightly higher 90 m height,
Cogswell West buried a paleo-Deer Creek course, suggesting Cogswell West failed prior
to other river and tributary-damming events, and pushed Deer Creek to the west.
Relatively sooner thereafter, DC1 failed and drove Poncho’s across the river and up the
south canyon wall, while simultaneously damming Deer Creek, thus pushing it back to
the east to its present course. Deer Creek landslide material buttresses intact Tapeats
Sandstone near the head of the Deer Creek Narrows. At this location referred to as “The
Patio”, Deer Creek has incised into the Tapeats Sandstone creating a spectacular ~200 ft
knickpoint in Deer Creek Falls, a very popular stop for river-running and backpacking
parties. These events represent a relatively rapid succession of failures involving nearly

the entire north side of the Colorado River between river miles 134-137.
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Each event at 1 Ma formed landslide dams and lakes, depicted in Figure 14,
evidenced by river gravels deposited on top of landslide debris. Interaction between
either the DC1/Poncho’s or Piano landslides, their dams and lakes likely caused the 133-
Mile failure upstream, the only event to originate on the south side of the Colorado River.
Both the DC1/Poncho’s and the Piano slides can be considered as candidates for
triggering the 133-Mile slide because gravels above Poncho’s at 719 m asl and the
existing bedrock adjacent to the Piano paleochannel at 715 m asl represent spillway
elevations sufficient to inundate the 133-Mile detachment surface. This suggests that
133-Mile failure occurred as a result of weakening within the Bass Formation as a result
of saturation or outburst flooding, although deposits related to the latter process have not
been identified downstream by this study. The 133-Mile lake stretched upstream into the
Upper Granite Gorge. The more recent DC3 slide formed a dam with a minimum
spillway elevation of 614 m asl. Much smaller than it predecessors, this dam was capable
of backing-up water to between Fossil and Bedrock rapids. Fine-grained deposits at
134.5-mil (Owl Eyes Canyon) might represent DC3 lake deposits, as their heights above
the modern river and OSL/IFSL ages suggest their youth. Future research should focus on
locating areas where lake deposits would likely be preserved along larger tributaries
between Surprise Valley and the Upper Granite Gorge.

Cosmogenic burial age estimates suffer from a lack of precision due to
assumptions made concerning pre-burial history and post-burial production. Cosmogenic
burial age estimates could be improved through the isochron method, wherein multiple
individual quartzite clasts with varied pre-histories are analyzed individually. In this way,

post-burial production can be accounted for, thus increasing precision. At any rate, dating
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Figure 14: Inferred landslide-dammed lakes. Vertical dashed lines show estimated
upstream extent of individual lakes. Note detachment beneath 133-Mile landslide resides
below Piano and Poncho’s dam spillway elevation estimates.

presented herein represents the first independent dating of landsliding in Grand
Canyon. Samples within Surprise Valley (K14-Surp-1 and 2) suffer from insufficient
shielding evidenced by significantly younger burial ages than expected for the landslide
events they constrain. By assuming 100 m/Ma surface erosion, burial ages would

increase, but this argument in tenuous because of unknown exposure histories. These

dates may be improved by depth sampling to better constrain post-burial production.

Landslide mechanisms: paleotopography, groundwater, lava dam lakes, seismicity
Landslides in the Surprise Valley area occurred due to the combination of factors,
primarily paleotopography and groundwater with potential involvement of local

seismicity, while geochronology on lava dams suggests lakes associated with that style of
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river-damming are too young to be strongly connected with landsliding. A major
implication of this study is the reconstruction of Surprise Valley paleotopography, which
is clearly demonstrated by restored cross-sections. The Bonita cross-section (A-A’)
restores easily to the north canyon wall and leaves behind open space in the modern toe
area, with the depth of the paleotopography constrained by paleochannels entering and
exiting Surprise Valley (Fig. 4). The Surprise Valley cross-section (B-B’) involves the
lateral loss of material underlying the Redwall Limestone in block B within Surprise
Valley. During failure, this material was likely forced upstream and downstream within
the Surprise Valley paleocanyon, allowing an intact Supai Group to be preserved within
the core of Surprise Valley. The toe of Block A in Surprise Valley forms a central block
that is not differentiated from blocks A or B because it is inferred to fill the space
between where blocks A and B are well exposed. Material must fill this space that cannot
be accounted for in any other way. Deer Creek cross-sections (C-C’ and D-D’) are
straightforward restorations other than the multistage restoration of DC2 and DC3 events.
The DC1/Poncho’s event involved failure below the Rampart Cave member and DC2/3
events represent subsequent reactivations of the original 1 Ma DC1/Poncho’s slide mass.
The configuration of paleochannels and landsliding sequence presented above represents
the first complete and plausible explanation for landsliding in the Surprise Valley area.
Relatively high volume freshwater springs occur throughout the field area at
Thunder and Deer/Dutton Springs (Fig. 17). Thunder Spring, the most voluminous
freshwater spring in Grand Canyon, discharges from the intact cliff to the east of the main
Surprise Valley deposit, giving rise to Thunder River, which in turn flows into Tapeats

Creek. Deer Creek lies to west of the main Surprise Valley deposit and is fed by Deer and
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Dutton Springs, the latter of which likely represents an overflow valve for the Deer
Spring system. An extensive cave system is absent at this location. Tapeats Spring exits
the canyon wall upstream of the Thunder River-Tapeats Creek confluence.

Both Tapeats and Thunder Springs represent extensive North Rim cave systems.
A network of passages extends to the north-northeast from the Thunder spring orifice.
The main passage is on the order of a few meters wide, created by dissolution of the
carbonate surrounding dilation fractures that parallel the orientation of a minor near
vertical fault with ~4m of offset. A similar situation is also observable at Tapeats Cave to
the east. A second passage within the Thunder system, comparable in dimension,
intersects the modern passage near the Thunder Spring entrance and extends to the east-
southeast along the canyon wall, where it emerges. Today this passage is free of water,
but exhibits the same water-sculpting and dissolution characteristics of the modern day
passage. Multiple similar ancient springs can be observed along the canyon wall, which
presumably represent increasingly older orifices with distance away from the modern
Thunder Spring, such that landslide debris in the area has been removed along the course
of Thunder River by sapping through time. This may present a location to employ dating
of cave sediments to determine the age of the oldest spring orifice. This would be
important because it was likely displacement and grain size reductions along the vertical
detachment plane that forced groundwater to emerge on the flanks of the main Surprise
Valley landslide.

Existing geochronology for both lava dams and landslide dams does not suggest a
strong connection between the two Grand Canyon river damming processes, shown by

Figure 15. Using the Ar/Ar method, Crow et al. (2014) revised pre-existing dates on lava
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Figure 15. Comparison of lava flow and landslide ages. Red curve shows probability
density function composed of 76 Ar/Ar dates from Crow et al. (2014). Blue curve shows
normal distribution of 2 available cosmogenic burial ages for landslides in the study area.
Individual dates shown with black diamonds for lava flows and blue squares for
landslides, all shown with 2c error bars. Weighted mean of two landslide ages is 932 +
304 ka. While possible, it is unlikely that lava-damming episodes directly caused
landslide failures upstream at Surprise Valley because the bulk of downstream volcanism
occurred between 100-600 ka and only two lava dam samples dated in the 800 ka range.

flows from the Uinkaret Volcanic Field that cascaded into Grand Canyon near Toroweap
(RM 179) and Whitmore Wash (RM 188), forming lava dams the distal ends of which
stretched downstream to Lava Cliff rapid (RM 246R). Figure 18 shows Ar/Ar dates and
cosmogenic burial age dates for the Piano and Poncho’s landslide segments from Crow et
al. (2014). While portions of the 2-sigma error envelopes for the weighted mean age of

932 + 304 ka overlap with some of the oldest lava samples, the bulk of lava-dam forming

flows dated to 600 ka or younger. This suggests that while the older landsliding events
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(Surprise Valley, Bonita, Cogswell West, Piano, Poncho’s, 133-Mile) were likely not
triggered by lava dam lake waters, the D2 and D3 events could conceivably be linked.
Although speculative, the heights of these two deposits suggest their youth and could be
as old as 100 ka, the last period of major lava dam activity.

River gravels within the study area attributed to landslide dam spillway heights
may alternatively represent subsequent lava dam-related local aggradation. For example,
136 m gravels at 133-Mile crop out at an elevation of 733 m, which might correspond to
a lava dam spillway at around that same elevation (Fig. 15). To fully answer this
question, future work should focus on comparing gravel elevations and heights in the
Surprise Valley area with elevations and heights of basaltic and far-traveled gravels atop
lava dam remnants, after correcting for post-emplacement normal fault displacement.
Such gravels are documented at heights >200 m ARL, suggesting that lava dams would
have been more than tall enough to impound water or aggrade the Colorado River
sufficiently enough to create the observed fill terraces in Surprise Valley, even
considering total displacement on the Toroweap fault of ~60 m.

Data suggest landsliding is not induced primarily by local seismicity. Faults
within the study area are generally steeply dipping and exhibit greater offset with depth.
For example, the Sinyala fault crosses the Colorado River near RM 138, and at river
level, the fault offset is ~12m and decreases to 3-4m where exposed on the Esplanade rim
(G. Billingsley, 2000). These structures have remained active into the Quaternary,
evidenced by small magnitude seismicity (Karlstrom & Timmons, 2012). However,
landslide volumes decrease approaching the Sinyala fault, opposite of what one might

expect: generally, that shaking intensity and in turn landslide volume would decrease
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with distance away from the hypocenter. At a minimum, if seismic energy from a local
earthquake did pass through the study area, the additional energy induced landsliding that
was likely primed by other processes; therefore, seismicity should be considered a
secondary triggering mechanism in the case of Grand Canyon’s bedrock landslides.
While it is difficult to completely rule out seismic triggering, mapping
relationships suggest groundwater transported into the study area via faults is a more
reasonable culprit fro cliff destabilization. Landsliding volumes increase toward the east,
closer to the Kaibab Plateau recharge zone for the North Rim groundwater system. As
occurs today and most certainly did in the past, the West Kaibab fault zone directs high
volume freshwater from higher elevations to the east into the study area, discharging at
Tapeats, Thunder, and Dutton/Deer springs. In addition, its well-known that the shear
strength of shales can decrease over time in the presence of water. Therefore, the data
best support a model wherein the Bright Angel shale is weakened solely by weathering in
the presence of groundwater prior to tributary incision through the Muav-Bright Angel

contact where most the Redwall-Muav aquifer is perched today.

Conclusions

We used detailed landslide mapping, strath terrace heights, and cosmogenic burial
ages to characterize and sequence landslide segments. Mapping shows Toreva-style
translational and rotational failures involving ~1000 m section of Paleozoic strata failed
within basal weak shales, blocked and diverted the Colorado River along with local
tributaries, and forced the formation of new bedrock courses for both, with at least one

landslide segment at Poncho’s translated hundreds of meters across and up the opposite
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canyon wall. Main stem strath heights coupled with cosmogenic burial ages establish the
landsliding sequence and suggest the presence of river-altering landslide dams. Quartzite
river cobbles and sand from one main stem strath terrace buried by landslide debris at
70m above the modern river gave a cosmogenic burial age of 0.88 + 0.22 Ma (1o) while
similar material from a second at 61m dated to 0.98 = 0.21 Ma (15). The weighted mean
age of these two events is 932 + 304 ka. A third main stem strath is buried beneath debris
from a subsequent slide upstream at a height <75 m. Along landslide-adjacent tributaries,
debris-filled tributary straths crop out at heights of 83, 63, 78, and 90 m. Comparable
heights for all slides suggests they occurred within quick succession at ~1 Ma. At two
locations, far-traveled river gravels mantle landslide debris at 133 m and 164 m,
suggesting debris blocked the river enough to be overtopped before formation of newly
carved gorges adjacent to spillways. Fluvial-lacustrine deposition representative of lakes
are sparsely preserved upstream, but fine-grained deposits are preserved locally along the
main stem between heights of 30 and 90 m.

Restored volume-balanced cross-sections show that 1000 km thick sections of
stratigraphy were detached on weak shale layers near the top of the Rampart Cave
Member. Internal slide block stratigraphy is coherent enough to allow restoration to pre-
sliding cliff configuration. These reconstructions show that landslides with Surprise
Valley fell into a previous “Surprise Valley paleovalley,” still undated, that is a candidate
for an old, high paleovalley carved to within about half the depth of modern Grand
Canyon.

Reconstruction of paleochannels and strath heights establishes the relative timing

of the landsliding sequence, while cosmogenic burial age dates on landslide-buried river
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deposits provides absolute landslide ages. The first event involved a failure that dammed
and diverted a Colorado River paleochannel at 325 m above modern river level at ~3 Ma
based on assumed steady incision rates of 100 m/Ma. This event cut off an earlier
meander, caused a likely spill over event, and re-established the river near its present
course. A second event took place at ~1 Ma as dated by cosmogenic burial ages on strath
terrace gravels at 61 and 70 m that were buried by landslides and caused additional river-
altering landslide dams, Quartzite river cobbles and sand from one main-stem strath
terrace buried by landslide debris at 70m above the modern river gave a burial age of
0.88 = 0.22 Ma (10); and similar main-stem gravels from the other side of the river at
61m dated to 0.98 + 0.21 Ma (1c). A third main-stem strath is buried beneath debris from
a subsequent slide upstream at a height <75 m. Along landslide-adjacent tributaries,
debris-filled tributary straths crop out at heights of 83, 63, 78, and 90 m. Comparable
heights for all slides suggest they occurred within a relatively short time interval at ~1
Ma. At two locations, far-traveled river gravels overlie landslide debris at 133 m and 164
m, indicating that landslide debris dammed the river and then dams were overtopped
before formation of newly carved gorges adjacent to spillways. Fluvial-lacustrine
deposition representative of lakes behind the 30-100 m-high landslide dams would be
expected to back-up water and cause lake sedimentation far upstream (to between river
mile 97-128), but few lake deposits are found. Poorly preserved fine-grained lake
deposits are present in the vicinity of the landslide dam between heights of 30 and 90 m.
We reconstruct landslide geometries using volume-balanced cross sections of semi-
coherent strata within rotational slides, constrained by marker beds. Restored sections

show that slides filled previous paleo-valley topography, possibly created by previous
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canyon-carving episodes. This “Surprise paleovalley”, still undated, is a candidate for an
old, high paleovalley carved to within about half the depth of modern Grand Canyon.
Seismic triggering is not ruled out as an initiating mechanism, but our data more strongly
suggest that Grand Canyon’s Surprise Valley landslides can be explained by the presence
of large volume spring discharge, an important aquifer-aquitard interface, and pre-
existing paleotopography. Collectively, these drove massive cliff failure above saturated
Bright Angel Shale detachments and Toreva block sliding, rotation, and jumbling of thick
sections of Paleozoic strata as they filled an older paleocanyon and re-routed the
Colorado River.

Ultimately, groundwater from the Kaibab Plateau directed into the study area via
the West Kaibab fault zone lead to the saturation and weathering of shales beneath the
main Surprise Valley and Deer Creek slide masses prior to local shale exhumation. One
event filled a paleo-valley diverting the Colorado River to the south where two events
blocked the Colorado River near river miles (RM) 135 (Piano slide) and 136.5
(Poncho’s), forming debris dams that impounded water and sediment and lead to the
upstream failure of the 133-Mile landslide, localized in the Bass Formation. In all cases,
the Colorado River was diverted and long-term bedrock incision continued. Thus our data
suggest that the apparent uniqueness of Surprise Valley landslides in Grand Canyon is
explained by the presence of major spring discharge plus pre-existing paleotopography
that drove massive cliff failure into an older paleocanyon and re-routed the Colorado
River. In some cases, landslide debris fused during emplacement to create persistent
dams, which remain filling paleochannels adjacent to the modern river course,

demonstrating it was easier to carve into bedrock than remove the landslide dam. This is
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more a function of the river’s course and downstream base level rather than a preference
to carve into softer materials. Future work should focus on lava dam gravel heights
downstream to understand the potential of overprinting by a recent climate signal and
locating landslide dam sediment upstream. Improvements might be made to cosmogenic

burial ages by employing isochron and depth profile sampling and analysis.
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