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ABSTRACT

Debris fans are an important landform to humeawedbpment in mountainous regions.
While muchdebrisflow research has focused on recurrence intervals and volume predictions,
little research hafcusedon predicting their pathh Understandinghe patls of debris flowss
important to reduce hazardslife and property. This research uses the compensation index to
evaluate the likelihood of debris path alteration by avulsion. The compensation index is a
guantitative measure of the strength of compensational stacking, which is the tendency of flow
events to preferentially fill topographic lows. A constraint on the use of the compensation index
for debrisflow hazardanalysiss the need for large natural exposures of fan stratigraphy and the
time and difficulty to map the unit boundaries. Therefomgoae readily available proxy for
estimating the compensation indexdebrisfans was sought after in this study. Borehole data
was chosen, which would also be similar to trenching data or naturally exposed small cross
sections from stream erosion. Tdegta from four previous compensation index studies was used
to correlate trends in unit thickness to the compensation index based on data generated from
simulated boreholes along the measured esestions. It was found that the central tendency
and codiicient of variation of unit thickness had moderate correlation to the compensation index
in both submarine and subaerial debris fans. However, fluvial channelized floodplain data
revealed no correlation to compensation index. A limited number of Jestiiatigraphic
sections could possibly estimate the compensation index for thousands of meters acriss a debr
flow outcrop within about 0.2f the actual compensation index. Further research is needed to
corroborate these findings.
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CHAPTER 1

INTRODUCTION

Alluvial fans are conspicuous distributary landforms commonly formed by channels
emerging from mountaous drainage catchments into valleys (Blair and McPhe2€if)9).
They are aggradational sedimentary deposits, forming cones radiating downslope (Blair and
McPherson2009). They are also an important geological landform for human development,
even thouglactive depositional processes are still occur(Mgldleton and Hampton, 197.3)
Most transport and deposition of sediment onto alluvial fans occurs by episodic events, such as
debris flows, rockfalls, slides, colluvial slips, and floods. Other geofmgicesses such as wind
erosion, faulting, overland flow, and weathering tend to cause degradation of the fan (Blair and
McPherson, 2009).

Debris flows are the most important sedimgravity process with respect to the volume
of material transported fans (Blair and McPherson, 2009). Important concerns when studying
debrisflow hazards include the initiation conditions, reoccurrence interval, volume of flow, path
of flow and avulsion tendencies (Whipple 1992). Most ddtwis research i$ocused on
initiation conditions, recurrence interval, and volume of flow. A very limited amount of research
has been performed concerning the path of flow once it reaches the fan and its avulsion
tendencies (Pederson, 2014). Avulsion is the process of abandanirrgrat drainage channel
due to filling with sediment past a threshold elevation, causing a migration of the subsequent
sedimentation to a nearby location (Straub and Pyles, 2012).

1.1Channel Avulsion and Quantitative Stratigraphic Models

Though initially used to describe abandonment of river channels, avidpjgies to
other geological environments such as alluvial fans and submarine fans. In hazard prediction
and mitigation of debris flows, i$ quite important to understand avulsion tendenciedlovial
fans. This is illustrated by the 1999 Vargas disaster in Venezuela, in which massive debris flows
inundated a heavily populated area built on fan deposits following very heavy rainfall
(Wieczoreket al, 2000). Figure 1 shows the Caraballedaafer the main channel avulsed,
sending the debris flow into surrounding neighborhoods (Wiecairak,2000). Only about



one third of the fan was inundated by debris flows in this 1999 event, though the rest of the fan is

made up of previous deb+iow deposits (Wieczoreét al.,2000).

Flgure 11 Destructlon on the Caraballeda fan in Venezuela foIIowmg dﬁbwschannel
avulsion. (Wieczorelkt al., 2000)

A quantitative metric that addresses avulsion tendency was introduced byebtahub
(2009), called the compensation index. It is a measure of the strength of compensational
stacking, which is the tendency of successive flow events to seek topographic lows following
channel avulsion (Straudt al.,2009). Though initially developed farer deltas the
compensation index has been appliedubmarine fans (Straub and Pyles, 20l@yjal systems,
as well as subaerial debris flows (Pederson, 2014). While the compensation index was
successfully applied to subaerial debris flows, its usbdaard assessment is currently limited
due to the need for a large, naturally exposed cross section with mappable beds to calculate the
compensation indexin this studyporeholetype datds usedo estimate debris fan

compensatiomstead of mappingreoutcrop.



1.2 Application to Debris-Flow Hazards

Knowing where a debris flow is likely to avulse could aid in hazard assessment and
mitigation efforts on debris fans. Since very few debris fans have cross sectional exposure, the
method useth previous compensation index studies would not likelyptzetical for hazard
assessment. Moreover, mapping large cross sections of exposed fans is time caansdiming
difficult. However, if a simpler proxy can be found for calculating compensation index,
application to further studies and hazard assessment is possible. Whitéaoresstion
exposures are rare, down cutting by channels often exposes short cross partitgigo flow
direction Thistype of exposureouldprovide similar data as comparedborehole data, and be
more cost effective. The goal this research wase devisea simpler, more efficient method of
estimating compensation index for usdutureresearch and hazard assessment. Therefore, it
wasproposed that one dimensional, til unit thicknesslata be explored as a proxy for
calculating the compensation index.

An initial comparison of prior workevealedvery different stratigraphic profilefer
basins with different compensatiordex values Therefore, it wasiypothesied thatborehole
derivedunit thicknessstatisticswould differ significantly in systemsvith different compensation
index values If boreholederived data wasollected anddompared in each, the unit thicknesses
of each respective system would have défe statistics; namely, different standard deviations.
Standard deviation is a statistical measuritefamount oYariationor dispersiorabout the
mean. The standard deviation of unit thicknessesmmputergeneratedbasinsof varying
compensatiomidexappearedo be quite differentln addition, other measurements of thickness
variability, such asariance or coefficient of variatiamight alsocorrelate to compensation
index. All of these measurements could be made thrduagbholetypedata. We proposed that
a statistical analysis of data from previous compensation index stugesftwaned to test these
hypotheses, with the goal of estimating defais compensation index with as little as one

borehole or vertical section of a fan.



CHAPTER 2

BACKGROUND

Sedimemngravity flows are a type of sediment transport in which sediment or sediment
fluid mixtures move downslope under the action of gravity (Middleton and Hampton, 1973).
Theymay occur on landr underwaterand are distinguishedoim gravity sliding or slumping
by severe internal deformation (Middleton and Hampton, 1973). Debris flows and turbidity
currents are examples of sedimgravity flows, though they differ by the dominant sediment
support mechanism (Middleton and Hamptb®73). Debris flows are supported by a matrix
consisting of interstitial fluid and fine sediment (Middleton and Hampton, 1973). They behave
as Bingham plastics, meaning they have a yield strength that that must be overcome before flow
begins (Boggs, 2@ Middleton and Hampton 1973f%ubaerial debris flowsiost commonly
occur in arid to serrarid regions and volcanic regiodaringheavy rainfall. The graisize
distribution may range from large boulders to clay (Blair and McPherson, 2009). Flows are
generally supported by a matrix consisting of gravel, sandoanmid (Hardgrovet al, 2009).

The matrix in debris flows has enough strength to prevent larger particles from settling, but not
enough to prevemhovemeniBlair and McPherson, 2009). Theatrix strength also allows for

a quick of r ee whenggdtational fotcds @o lahgepeacead the yield strength
(Boggs 2012).

Initiation of debris flows generally occurs by the addition of water from heavy rainfall or
snowmelt (Hardgroset al, 2009). Loose sediment is mobilized by overland flow and flow
through drainage channels. The source area may be quite extensive, consisting of steep slopes
(Boggs, 2012). The material is generally transported onto the fan through a steep channe
the slope decreases, so dodhging forces, with noticeable changes occurring at the fan apex.
The apex of a fan ithe location othe break in slope at the channel mouth (Blair and McPherson,
1998). Near this location a fan tends to be lel@wrinated. As the velocity of the flow
decreases moving onto flatter portions of the fan beyond the apex, the flow spreads out forming a
lobe dominated region. The upper fan tends to consist more of larger particles called
Af angl omer at eabfan@ontaimsifireregraingd partidds gHardgreval, 2009).

Since debris flows are episodic with lengthy recurrence intervals, surface deposits are reworked

by secondary weathering processes such rainfall and wind (Blair and McPherson, 2009). These



processes often control how the tops of dethois deposits appear in the stratigraphic record.
The general effect is a winnowing away of fines, transported to the base of the fan (Haetigrove
al., 2009).

2.1 Quantitative Stratigraphic Modeling: The Compensation Index

In an effort to link stratigraphic architecture to depositional processes, stratigraphers
subdivide the stratigraphic record into hierarchical units (scale dependent structures) (Straub and
Pyles, 2012). However, debate exists as tattteerlying cause of hierarchy in stratigraphy,
whether external (allogenic) boundary conditions or internal (autogenic) dynamics control
sedimentary structuré\(anget al, 2011 Straub and Pyles, 2012). Recent studies have
demonstratethat autogenic peesses such as channel avulsion strongly influence stratigraphic
architecture over long time scales (Stratilal, 2009; Wangpt al, 2011). It has also been
demonstratethat the architecture is strongly influenced by the degree to which the posftions o
recent depositional elemensuch as channels and lobes, are influenced by the location of
previous elements (Straeb al, 2009).

Developing quantitative stratigraphic mode#s bevery difficult due to the interaction
of autogenic and allogenic prgses controlling the architecture (Wa@l, 2011). However,

a metric exists of quantifying autogeniktc orga
al., 2009, Wanget al, 2011). It is based on compensational stacking, which is the tegdgnc

flow-event deposits to preferentially fill topographic lows, smoothing out topographic relief and
Acompensatingo for the | ocalization of deposi
avulsion (Straulet al, 2009; Wanget al, 2011). There is aealth of field and subsurface

observations that support organization of stratigraphic deposits by compensational stacking
(Straubet al, 2009).

The compensation index was developedhbyubet al, (2009) asa metric to quantify
the strength of compensgatal stacking in sedimentary degits. The compensation index was
initially calculated by comparing the rate of decay of spatial variability in sedimentation between
select depositional horizons with increasing vertical stratigraphic averaging dissarceét
al., 2009 Wanget al, 2011). This requires knowledge of both the sedimentation rate and the

subsidence rateOver a long period of time, the subsidence and sedimentation rates will



equilibrate as the migration of the flow channel acrossahetirface fills accommodation space
as illustrated byigure 2.1(Straubet al.,2009 Straub and Pyles, 20112
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Figure 2.1: Compensational Stacking of Lobe Elements in Terms of Subsidence/Sedimentation
(A) and Deposit Thickness through Time (B). (Strand Pyles, 2012)
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worl dwi de, ® ranges from 0.5 to 1, with 0.75
0.4 or greater than 1.1 are rarely observed in natiggre 2.2 gives aisual representation of a

hypothetical randomly compensated basin, and a hypothetical completely compensated basin.

Table 2.1: Compensation Index Values and Descriptions

K=0.0 Anti-compensational, theoretical minimum
K=0.5 Random compensation

K=0.75 Estimated global average

K=1.0 Completely compensational

0.4<K<l1l.l1 Normal range

K=co Theoretical maximum

2.2 Modified Compensation Index

Over short time intervals, depositional geometaee controlled by the configuration of
the transport system (Straabal.,2009 Wanget al, 2011). Straub and Pyles (2012) developed
t he modi fi ed c oposstndy basins over aishorteetime ifterval, in which
subsidence was either too difficult to measure or insignificant with respect to sedimentation. The
calculation usea proxy to the original Stréwetal. (1 2009) &8 cal cul ati on,
value to the original compensation index (Wah@l.,2011). The coefficient of variationGV)

is measured in deposition between two stratigraphic surfaces:
] T
ow i p QO (2.1)

h

where3— w | refers to the local deposit thickness between stratigraphic sufacetB and
3 represents the mean deposit thickness between suare3 measured ovdr (Straub

and Pyles, 2012). This allows for a characterization of variability in local deposit thickness
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b

Figure 2.2 Visual representation of random compensation (a) and complete compensation (b).
The number depicted on eaclpdsit corresponds to the order in which it was deposited.
(Pederson, 2014)

standardi zed as a fraction of me acpp isthdhi ckness.

exponent in the powdaw decay of CV with increasing{F, :

86 Gl 2.2)

whereai s t he | eading coefchv alileens a revaliedkaithteil aa li otn
0.0 anticompensational stacking, 0.5 perfectly random stacking, and 1.0 perfectly

compensational stacking (Straub and Pyles, 2012; Waaly 2011). Unlike the original

compensation index, this modified method assumes uniform and constant subsidence rates, so
geometry of the deposit is influenced only by the morphodynamics of the sediment routing

system (Straub and Pyles, 2012). Wahgl.(2011) showed that in a system with uniform and
constant swwhasi ddareaf8trauband Pylesp2082; Waegal.,2011).



The met hods f or @acarkquirte b @védimengiondd plat sfung a n d
boundaries of a deposifThe boundaes encompass discrete elements representing depositional
events (Straub and Pyles, 2012). This requires mapping of a cross sectional exposure of an
alluvial deposit. A computer programcy.s then

The input into the program is a data set of unit boundary locations (Pederson, 2014).

2.3 Relation of Unit Thicknesses to Compensation Index

Straubet al (2009) performed a fAquantitative thc
par ameter s ¢ 0nt enmdnt aconputes generalechtdionemsionabasin \pas
filled with idealized discrete elements to regmissedimentation eventslements were
triangular shaped, in order to represent channel or fan deposits that have maximum thickness
near their centerie, and thin laterally away from their centerline (Straual, 2009). The
basin was filled with one element at each time step. The size and lateral position of the element
was altered for each time step. In the first model, each successive depbsléorent was
moved laterally to the absolute topographic low, in order to model perfect compensational
stacking (Straulet al, 2009). The resulting plot of basin stratigraphy is shown in FigGra 2
The calcul ated o valet@e20as equal to 1.0 (Stra
In the second model, each successive deposit was placed in a random lateral location, in
order to model perfectly random compensational stacking (Sétaalh 2009). The resulting
plot of stratigraphys shown in Figure 2.3.bCalculatim s of & resulted i n a v
(Straubetal , 2009) . Subsequent models showed that
could be achieved by varying the deposit thickness, randomly assigned from a Gaussian
distribution of deposit thickness€Straubet al, 2009). It was found that as the standard
deviation of the Gaussian distributionf deposit thicknesses decreas
linearly (Strauket al, 2009).

2.4 Application of Compensaional Stacking to Debris Fans

Since déris-flow dominated alluvial fan deposits are created over a short time period
with uniform and constant subsidence rates, Pederson (2014) was able to use the modified

compensation index to study three debris fans in ColorAdan previous compensatiandex
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studies, it was necessary to map a large, exposed cross section of the fan. Finding exposed
debris farcross sections suitable for mapping was a serious chall&egilts of he study
suggested that debris fans range from fully compensational to randomly compensated, similar to

It was found that fans consisting of larger dédsigvents exhibited

other alluvial deposits.

having greater maximum unit thickness, unit width, and clast sizes. Pederson (2014) theorized
this was due to larger flows having a greater tendency to fill channels and avulse, as well as the

more compensational behavior (Pederson, 2014). tdeiwisflow events were defined by

ability to move furtherdterally to fill topographic lows following avulsion.
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CHAPTER 3
DATA SOURCES

This study usedata from previously completed compensation index studies. No field
work was performed. Data collected from previous studies includezhkh@ated compensation
index and a digitized cross section with unit boundary locations for each basin. The cross
sections include the unit boundary traces used in the calculation of the compensation index. Few
studies have been conducted that calculecompensation index, thus resulting in limited data.
Four studies totaling 11 outcrops were available for this analysis; two published journal articles,
one completed graduate thesis, and one graduate dissertation currently in pidglessiption
of eachis outlined in this chapter. The types of data used include both computer generated basin
models and data collected from actual field outcrops. A summary of field data sources is

presented in Table 3.1, which includes the basin name, basirabhygepmpensation index value.

Table 3.1: Summary of Study Data

Basin Name Basin Type Compensation Index)
(source)
Computergenerated Computergeneratec 0.5,0.75,1.0
(Straubet al.,2009)
Cedar Mesa Subaerial Debris fa 1.03
(Pederson, 2024
Woodland Park Subaerial Debris Fe 0.63
(Pederson, 2024
Poncha Pass Subaerial Debris Fe 0.80to 1.01
(Pederson, 2014)
Kilbaha Bay Submarine Fan 0.49+ 0.08
(Straub and Pyles, 2012)
Rinevella Point Submarine Fan 0.43+ 0.08
(Straub and Pyles, 2012)
Dakota Fluvial 0.68, 0.700.85
(Pisel)
Wasatch Fluvial 0.74,0.810.93
(Pisel)
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3.1 Computer Generated Plots of Basin Stratigraphy

Straubet al.(2009)established the compensation index as a quantitative metric of the
strength of compensational stackingcluded in the article are four computer generated plots of
stratigraphy. These idealized models represent complete compensaticongrensation, and
intermediate compensation. They were used to aid in analysis of the controls on the
compensation inde Figure 2.3, introduced in the previous chapter, represents the computer
generated plots of basin stratigrapbyrf @ val ues equal to 0.5 and 1
pl ots of basin stratigraphy with a o value of
3.1). These intermediate compensation models were produced with different inputs, resulting in

very different magnitudes of depositional elements.
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Figure 3.1: Two different computer generated plots of basin architecture both representing
intermedi ate compertxalk2a009%pn (a8 =0.75) (Straub

3.2Subaerial Debris Fans in Southern Colorado

Pedeson(2014) calculated the compensation index for three subaerial -dlelrifans in
Colorado. The three fans were chosen based on their natural exposure of cross sections,
accessibility and mapbility. Each fan cross section was mapped by unit boigsdso that a
digitized cross section with unit traces across the whole exposure could be produced. For this
research, vertical sections were spaced every 0.5 ft across the outcrops. The three fans Pederson

(2014) studied are characterized below.
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3.21 Cedar Mesa Debris Fan

The outcrop exposure on the giant Cedar Mesa fan was created by a recent landslide
scarp. Itis located in the Grand Mesa region of Colorado. The geologic setting of the region
consists othick, normarine sedimentary depositstvery slight dip to the north. The
sedimentarylepositsare capped by basalt floyldoe and Zawaski, 2013)rhe massive fan
deposits at Cedar Mesa likely formeddiscial and alluvial processes of mid to late Pleistocene
age (Noe and Zawaski, 2013)ebris flows are hypothesized to be thain contributor to fan
sedimentation, initiated byassiveslope failures up gradient (Now and Zawaski, 2013). The
fan sits on top of Mancos shale, and weathering of this weak layer is believed to have caused
landslides that have exposed fan stratigraphy (Noe and Zawaski, 20p®)ards of 15 meters
of fan stratigraphy is exposed at the Cedar Mesa site (Pederson, Z0ddyht the outcrop is
small relative to the whole fan complex, Pederson (2014) believed itepeesentative of the
entire fanods cFRgmeI2rdeprts theofan ard the aiterop location. A picture
of the outcrop with overlaid unit traces is depicted in Figure 3.3. The calculation plot of the
modified compensation index is shownFigure 3.4.
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Figure 3.2: Cedar Mesa Deb#sn Margins (red) and Outcrop Location (blue)
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Figure 3.4 Cedar Mesa Modified Compensation Indey, €1.03, R=0.57) (Pederson, 2014)



3.2.2 Poncha PasBebris Fan

The Poncha Pass debris fan outcrop is roughly 120 m in width, as shown in Figure 3.5.
The fan margins are outlined in red and the outcrop studied is in blue. The exposure is formed
by a road cutlong the west side of U.S. Route 285 on Poncha Pass. Thddeatésiin the
Poncha Pass/Bonanezgion of Colorado, whichonsistsof Miocenesedimentarypry Union
Formation with Oligocene andesite lavas and bredoi#tse west and Precammmn felsic and
hornblendic gneisses to the east (Twesttal.,1976). The farronsists of debriflow deposits
made up ofsnad, conglomerate, ash fragmemdesites, and breccias (Tweet@l.,1976). The
fan has experienced significant erossamceits deposition (Pederson, 2014).picture of the
outcrop with overlaid unit traces is shown in Figure 3.6. The calculation plots of the modified
compensation index are shown in Figures 3.7 and 3.8. Two compensation indexes were
calculated for this ogtop due to variability noticed in the upper and lower bounds because part
of the unit traces had been eroded. However, Pederson (2014) used the arithmetic mean between

the two to come up with the final compensation index value of 0.91 (Pederson, 2014).

Figure 3.5: Poncha Pass DeHfan Margins (red-) and Outcrop Location (blue)
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Figure 3.6: Poncha Pass DeHran Outcrop and Unit Boundary Traces (Pederson, 2014)

Figure 3.7: Poncha Pass Lower Bound Modified Compensation Iagex)(81 R?=0.52)
(Pederson, 2014)
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