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ABSTRACT 

 

Debris fans are an important landform to human development in mountainous regions.  

While much debris-flow research has focused on recurrence intervals and volume predictions, 

little research has focused on predicting their paths.  Understanding the paths of debris flows is 

important to reduce hazards to life and property.  This research uses the compensation index to 

evaluate the likelihood of debris path alteration by avulsion.  The compensation index is a 

quantitative 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 debris-flow hazard analysis is the need for large natural exposures of fan stratigraphy and the 

time and difficulty to map the unit boundaries.  Therefore a more readily available proxy for 

estimating the compensation index of debris fans 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.  The data 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 cross-sections.  It was found that the central tendency 

and coefficient 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 vertical stratigraphic 

sections could possibly estimate the compensation index for thousands of meters across a debris-

flow outcrop within about 0.2 of 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 mountainous drainage catchments into valleys (Blair and McPherson, 2009).  

They are aggradational sedimentary deposits, forming cones radiating downslope (Blair and 

McPherson, 2009). They are also an important geological landform for human development, 

even though active depositional processes are still occurring (Middleton and Hampton, 1973).  

Most transport and deposition of sediment onto alluvial fans occurs by episodic events, such as 

debris flows, rockfalls, slides, colluvial slips, and floods.  Other geologic processes 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 sediment-gravity process with respect to the volume 

of material transported to fans (Blair and McPherson, 2009).  Important concerns when studying 

debris-flow hazards include the initiation conditions, reoccurrence interval, volume of flow, path 

of flow and avulsion tendencies (Whipple 1992).  Most debris-flow research is focused 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 abandoning a current 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).   

 

1.1 Channel Avulsion and Quantitative Stratigraphic Models 

 

Though initially used to describe abandonment of river channels, avulsion applies to 

other geological environments such as alluvial fans and submarine fans.  In hazard prediction 

and mitigation of debris flows, it is quite important to understand avulsion tendencies on alluvial 

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 

(Wieczorek et al., 2000).  Figure 1 shows the Caraballeda fan after the main channel avulsed, 

sending the debris flow into surrounding neighborhoods (Wieczorek et al., 2000).  Only about 
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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 debris-flow deposits (Wieczorek et al., 2000). 

 

 
Figure 1.1: Destruction on the Caraballeda fan in Venezuela following debris-flow channel 

avulsion. (Wieczorek et al., 2000) 

 

A quantitative metric that addresses avulsion tendency was introduced by Straub et al. 

(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 (Straub et al., 2009).  Though initially developed for river deltas, the 

compensation index has been applied to submarine fans (Straub and Pyles, 2012), fluvial systems, 

as well as subaerial debris flows (Pederson, 2014).  While the compensation index was 

successfully applied to subaerial debris flows, its use for hazard assessment is currently limited 

due to the need for a large, naturally exposed cross section with mappable beds to calculate the 

compensation index.  In this study, borehole-type data is used to estimate debris fan 

compensation instead of mapping an outcrop. 
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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 used in previous compensation index studies would not likely be practical for hazard 

assessment.  Moreover, mapping large cross sections of exposed fans is time consuming and 

difficult.  However, if a simpler proxy can be found for calculating compensation index, 

application to further studies and hazard assessment is possible.  While cross-fan section 

exposures are rare, down cutting by channels often exposes short cross sections parallel to flow 

direction.  This type of exposure could provide similar data as compared to borehole data, and be 

more cost effective.  The goal of this research was to devise a simpler, more efficient method of 

estimating compensation index for use in future research and hazard assessment.  Therefore, it 

was proposed that one dimensional, vertical unit thickness data be explored as a proxy for 

calculating the compensation index.   

An initial comparison of prior work revealed very different stratigraphic profiles for 

basins with different compensation index values.  Therefore, it was hypothesized that borehole-

derived unit thickness statistics would differ significantly in systems with different compensation 

index values.  If borehole-derived data was collected and compared in each, the unit thicknesses 

of each respective system would have different statistics; namely, different standard deviations.  

Standard deviation is a statistical measure of the amount of variation or dispersion about the 

mean.  The standard deviation of unit thicknesses in computer-generated basins of varying 

compensation index appeared to be quite different.  In addition, other measurements of thickness 

variability, such as variance or coefficient of variation might also correlate to compensation 

index.  All of these measurements could be made through borehole-type data.  We proposed that 

a statistical analysis of data from previous compensation index studies be performed to test these 

hypotheses, with the goal of estimating debris-fan compensation index with as little as one 

borehole or vertical section of a fan. 
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CHAPTER 2 

 

BACKGROUND 

 

 

Sediment-gravity 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).  

They may occur on land or underwater, and are distinguished from gravity sliding or slumping 

by severe internal deformation (Middleton and Hampton, 1973).  Debris flows and turbidity 

currents are examples of sediment-gravity flows, though they differ by the dominant sediment-

support mechanism (Middleton and Hampton, 1973).  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, 2012; Middleton and Hampton 1973).  Subaerial debris flows most commonly 

occur in arid to semi-arid regions and volcanic regions during heavy rainfall.  The grain-size 

distribution may range from large boulders to clay (Blair and McPherson, 2009).  Flows are 

generally supported by a matrix consisting of gravel, sand, and/or mud (Hardgrove et al., 2009).  

The matrix in debris flows has enough strength to prevent larger particles from settling, but not 

enough to prevent movement (Blair and McPherson, 2009).  The matrix strength also allows for 

a quick ‘freezing’ of the deposit when gravitational forces no longer exceed the yield strength 

(Boggs, 2012).   

Initiation of debris flows generally occurs by the addition of water from heavy rainfall or 

snowmelt (Hardgrove et 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 channel.  As 

the slope decreases, so do the driving forces, with noticeable changes occurring at the fan apex.  

The apex of a fan is the location of the break in slope at the channel mouth (Blair and McPherson, 

1998).  Near this location a fan tends to be levee dominated.  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 

“fanglomerates,” while the distal fan contains finer grained particles (Hardgrove et al., 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 
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processes often control how the tops of debris-flow deposits appear in the stratigraphic record. 

The general effect is a winnowing away of fines, transported to the base of the fan (Hardgrove et 

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 to the underlying cause of hierarchy in stratigraphy, 

whether external (allogenic) boundary conditions or internal (autogenic) dynamics control 

sedimentary structure (Wang et al., 2011; Straub and Pyles, 2012).  Recent studies have 

demonstrated that autogenic processes such as channel avulsion strongly influence stratigraphic 

architecture over long time scales (Straub et al., 2009; Wang et al., 2011).  It has also been 

demonstrated that the architecture is strongly influenced by the degree to which the positions of 

recent depositional elements, such as channels and lobes, are influenced by the location of 

previous elements (Straub et al., 2009). 

Developing quantitative stratigraphic models can be very difficult due to the interaction 

of autogenic and allogenic processes controlling the architecture (Wang et al., 2011).  However, 

a metric exists of quantifying autogenic organization, called the “compensation index” (Straub et 

al., 2009, Wang et al., 2011).  It is based on compensational stacking, which is the tendency of 

flow-event deposits to preferentially fill topographic lows, smoothing out topographic relief and 

“compensating” for the localization of deposition by discrete elements following channel 

avulsion (Straub et al., 2009; Wang et al., 2011).  There is a wealth of field and subsurface 

observations that support organization of stratigraphic deposits by compensational stacking 

(Straub et al., 2009). 

The compensation index was developed by Straub et al., (2009) as a metric to quantify 

the strength of compensational stacking in sedimentary deposits.  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 distance (Straub et 

al., 2009; Wang et al., 2011).  This requires knowledge of both the sedimentation rate and the 

subsidence rate.  Over a long period of time, the subsidence and sedimentation rates will 
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equilibrate as the migration of the flow channel across the fan surface fills accommodation space 

as illustrated by Figure 2.1 (Straub et al., 2009; Straub and Pyles, 2012). 

 

Figure 2.1: Compensational Stacking of Lobe Elements in Terms of Subsidence/Sedimentation 

(A) and Deposit Thickness through Time (B). (Straub and Pyles, 2012) 

 

Theoretically, the compensation index (κ) ranges from 0 to ∞, though 0 to 1.0 is 

considered the normal range.  Compensation index value ranges and descriptions are shown in 

Table 2.1.  A κ value less than or equal to 0.5 is considered anti-compensation, reflecting a 

tendency of depositional units to stack (aggrade) on top of one another, instead of filling an 

adjacent lower elevation.  A κ value of 0.5 corresponds to completely random compensation, 

while a κ value of 1.0 corresponds to a completely compensational system in which each channel 

avulsion leads to deposition in a topographic low (Straub et al., 2009).  The basins analyzed by 

Straub et al. (2009) resulted in an average κ value of about 0.75, half way between fully 

compensational and fully random stacking.  Straub et al. (2009) predicted that for most basins 
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worldwide, κ ranges from 0.5 to 1, with 0.75 being the general global average.  κ values less than 

0.4 or greater than 1.1 are rarely observed in nature.  Figure 2.2 gives a visual representation of a 

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

 

Table 2.1: Compensation Index Values and Descriptions 

 

 

2.2 Modified Compensation Index 

 

Over short time intervals, depositional geometries are controlled by the configuration of 

the transport system (Straub et al., 2009; Wang et al., 2011).  Straub and Pyles (2012) developed 

the modified compensation index (κ CV) to study basins over a shorter time interval, in which 

subsidence was either too difficult to measure or insignificant with respect to sedimentation.  The 

calculation uses a proxy to the original Straub et al. (2009) κ calculation, shown to be identical in 

value to the original compensation index (Wang et al., 2011).  The coefficient of variation (CV) 

is measured in deposition between two stratigraphic surfaces: 

𝐶𝑉 = (∫ [(
Δ𝜂(𝑥)𝐴,𝐵

Δ�̅�𝐴,𝐵
) − 1]

2

𝑑𝐿
𝐿

)

1/2

                          (2.1) 

where Δ𝜂(𝑥)𝐴,𝐵 refers to the local deposit thickness between stratigraphic surfaces A and B and 

Δ�̅�𝐴,𝐵  represents the mean deposit thickness between surfaces A and B measured over L (Straub 

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

b  

Figure 2.2: Visual representation of random compensation (a) and complete compensation (b). 

The number depicted on each deposit corresponds to the order in which it was deposited. 

(Pederson, 2014) 

 

standardized as a fraction of mean thickness.  A modified compensation index, κ CV, is the 

exponent in the power-law decay of CV with increasing Δ�̅�𝐴,𝐵: 

 

𝐶𝑉 = 𝑎𝛥�̅�𝐴,𝐵
−𝜅𝐶𝑉                                                     (2.2)          

 

where a is the leading coefficient in the relationship. κ CV values are identical to κ values, with 

0.0 anti-compensational stacking, 0.5 perfectly random stacking, and 1.0 perfectly 

compensational stacking (Straub and Pyles, 2012; Wang et al., 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).  Wang et al. (2011) showed that in a system with uniform and 

constant subsidence, κ CV was identical to κ (Straub and Pyles, 2012; Wang et al., 2011).   
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The methods for calculating both κ and κ CV require a two-dimensional plot of unit 

boundaries of a deposit.  The boundaries encompass discrete elements representing depositional 

events (Straub and Pyles, 2012).  This requires mapping of a cross sectional exposure of an 

alluvial deposit.  A computer program is then used to solve the equations to calculate κ and κ CV.  

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

 

2.3 Relation of Unit Thicknesses to Compensation Index 

 

Straub et al. (2009) performed a “quantitative thought experiment” to study the 

parameters controlling κ.  In this experiment, a computer generated two-dimensional basin was 

filled with idealized discrete elements to represent sedimentation events.  Elements were 

triangular shaped, in order to represent channel or fan deposits that have maximum thickness 

near their centerline, and thin laterally away from their centerline (Straub et al., 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 depositional element was 

moved laterally to the absolute topographic low, in order to model perfect compensational 

stacking (Straub et al., 2009).  The resulting plot of basin stratigraphy is shown in Figure 2.3 a.  

The calculated κ value was equal to 1.0 (Straub et al., 2009).   

In the second model, each successive deposit was placed in a random lateral location, in 

order to model perfectly random compensational stacking (Straub et al., 2009).  The resulting 

plot of stratigraphy is shown in Figure 2.3 b.  Calculations of κ resulted in a value equal to 0.5 

(Straub et al., 2009).  Subsequent models showed that a range of κ values between 0.5 and 1.0 

could be achieved by varying the deposit thickness, randomly assigned from a Gaussian 

distribution of deposit thicknesses (Straub et al., 2009).  It was found that as the standard 

deviation of the Gaussian distribution of deposit thicknesses decreased, the κ value increased 

linearly (Straub et al., 2009).   

 

2.4 Application of Compensational Stacking to Debris Fans 

 

Since debris-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 Colorado.  As in previous compensation index 
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Figure 2.3:  Computer generated 2D stratigraphic architecture models of (a) a perfectly 

compensational system (κ =1.0), and (b) a perfectly random system (κ =0.5).   (Straub et al., 

2009) 

 

studies, it was necessary to map a large, exposed cross section of the fan.  Finding exposed 

debris fan cross sections suitable for mapping was a serious challenge.  Results of the study 

suggested that debris fans range from fully compensational to randomly compensated, similar to 

other alluvial deposits.  It was found that fans consisting of larger debris-flow events exhibited 

more compensational behavior (Pederson, 2014).  Larger debris-flow events were defined by 

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 

ability to move further laterally to fill topographic lows following avulsion.   
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CHAPTER 3 

 

DATA SOURCES 

 

This study used data from previously completed compensation index studies.  No field 

work was performed.  Data collected from previous studies included the calculated 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 calculate the compensation 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 progress.  A description 

of each is 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, basin type, and compensation index value. 

 

Table 3.1: Summary of Study Data 

Basin Name 

(source) 

Basin Type Compensation Index (κ) 

Computer-generated 

(Straub et al., 2009) 

Computer-generated 0.5, 0.75, 1.0 

Cedar Mesa 

(Pederson, 2014) 

Subaerial Debris fan 1.03 

Woodland Park 

(Pederson, 2014) 

Subaerial Debris Fan 0.63 

Poncha Pass 

(Pederson, 2014) 

Subaerial Debris Fan 0.80 to 1.01 

Kilbaha Bay 

(Straub and Pyles, 2012) 

Submarine Fan 0.49 ±0.08 

Rinevella Point 

(Straub and Pyles, 2012) 

Submarine Fan 0.43 ± 0.08 

Dakota 

(Pisel) 

Fluvial 0.68, 0.70, 0.85 

Wasatch 

(Pisel) 

Fluvial 0.74, 0.81, 0.93 
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3.1 Computer Generated Plots of Basin Stratigraphy 

 

Straub et al. (2009) established the compensation index as a quantitative metric of the 

strength of compensational stacking.  Included in the article are four computer generated plots of 

stratigraphy.  These idealized models represent complete compensation, anti-compensation, and 

intermediate compensation.  They were used to aid in analysis of the controls on the 

compensation index.  Figure 2.3, introduced in the previous chapter, represents the computer 

generated plots of basin stratigraphy for κ values equal to 0.5 and 1.0.  Also published were two 

plots of basin stratigraphy with a κ value of 0.75 to represent intermediate compensation (Figure 

3.1).  These intermediate compensation models were produced with different inputs, resulting in 

very different magnitudes of depositional elements. 

 
Figure 3.1: Two different computer generated plots of basin architecture both representing 

intermediate compensation (κ =0.75) (Straub et al., 2009) 

 

 

3.2 Subaerial Debris Fans in Southern Colorado 

 

 Pederson (2014) calculated the compensation index for three subaerial debris-flow fans in 

Colorado.  The three fans were chosen based on their natural exposure of cross sections, 

accessibility and map-ability.  Each fan cross section was mapped by unit boundaries so 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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3.2.1 Cedar Mesa Debris Fan 

 

The outcrop exposure on the giant Cedar Mesa fan was created by a recent landslide 

scarp.  It is located in the Grand Mesa region of Colorado.  The geologic setting of the region 

consists of thick, non-marine sedimentary deposits with very slight dip to the north.  The 

sedimentary deposits are capped by basalt flows (Noe and Zawaski, 2013).  The massive fan 

deposits at Cedar Mesa likely formed by glacial and alluvial processes of mid to late Pleistocene 

age (Noe and Zawaski, 2013).  Debris flows are hypothesized to be the main contributor to fan 

sedimentation, initiated by massive slope 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, 2013).  Upwards of 15 meters 

of fan stratigraphy is exposed at the Cedar Mesa site (Pederson, 2014).  Thought the outcrop is 

small relative to the whole fan complex, Pederson (2014) believed it was representative of the 

entire fan’s compensation index.  Figure 3.2 depicts the fan and the outcrop 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 shown in Figure 3.4.  

 

 
Figure 3.2: Cedar Mesa Debris-Fan Margins (red) and Outcrop Location (blue) 
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Figure 3.3: Cedar Mesa Debris-Fan Outcrop and Unit Boundary Traces (Pederson 2014). 

 

 

 

 

 
Figure 3.4: Cedar Mesa Modified Compensation Index (κcv =1.03, R

2
=0.57) (Pederson, 2014) 
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3.2.2 Poncha Pass Debris 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 cut along the west side of U.S. Route 285 on Poncha Pass.  The fan is located in the 

Poncha Pass/Bonanza region of Colorado, which consists of Miocene sedimentary Dry Union 

Formation with Oligocene andesite lavas and breccias to the west and Precambrian felsic and 

hornblendic gneisses to the east (Tweeto et al., 1976).  The fan consists of debris-flow deposits 

made up ofsnad, conglomerate, ash fragments, andesites, and breccias (Tweeto et al., 1976).  The 

fan has experienced significant erosion since its deposition (Pederson, 2014).  A 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 outcrop 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 Debris-Fan Margins (red) and Outcrop Location (blue)  
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Figure 3.6: Poncha Pass Debris-Fan Outcrop and Unit Boundary Traces (Pederson, 2014) 

 

 

 
Figure 3.7: Poncha Pass Lower Bound Modified Compensation Index (κcv =0.81, R

2
=0.52) 

(Pederson, 2014) 
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Figure 3.8: Poncha Pass Upper Bound Modified Compensation Index (κcv =1.01, R

2
=0.66) 

(Pederson, 2014) 

 

 

 

3.2.3 Woodland Park 

 

The Woodland Park debris-fan outcrop is only about 30 m wide.  The outcrop exposure is 

formed by a road cut, as seen in Figure 3.9.  The fan is located within a large exposure of the 

Fountain Formation, a Permian/Pennsylvanian aged arkosic sandstone with interbedded 

conglomerate and shale (Wobus and Scott, 1977).  Up gradient from the fan, Manitou limestone, 

Sawatch sandstone, and highly erodible Pikes Peak granite provide likely source material for the 

fan (Wobus and Scott, 1977).  Though the outcrop is small in lateral extent, Pederson (2014) 

chose the site due to its ease of access and good exposure of strata.  The calculation plot of the 

modified compensation index is shown in Figure 3.10.  A picture of the outcrop with unit traces 

and numbers representing the order deposited is shown in Figure 3.11.  
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Figure 3.9: Woodland Park Debris-Fan Margins (red) and Outcrop Location (blue) 

(Pederson, 2014). 

 

 

 

 
Figure 3.10: Woodland Park Modified Compensation Index (κcv =0.63, R

2
=0.50) (Pederson, 

2014) 
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Figure 3.11: Woodland Park Debris-Fan Unit Traces (Pederson, 2014) 

 

 

 

 

3.3 Submarine Debris Flows of the Ross Sandstone in Ireland 

 

Straub and Pyles (2012) was a study of compensational stacking patterns in outcrops of 

the Ross Sandstone Formation.  The outcrops occur as sea-cliffs on the Loop Head Peninsula in 

western Ireland (Pyles, 2008).  The Ross Sandstone is known for having some of the world’s best 

exposed, laterally extensive outcrops of submarine-fan architecture (Straub and Pyles, 2012).  

Straub and Pyles (2012) chose to study two exceptionally well-exposed outcrops in the Ross 

Sandstone, Kilbaha Bay and Rinevella Point, selected due to their distinctive architecture.  The 

two outcrops were mapped in order to distinguish unit boundaries in vertical columns spaced 

every 0.5 meters.  Each mappable unit was recorded at two centimeter resolution (Straub and 

Pyles, 2012).   

 

3.3.1 Rinevella Point Submarine Debris Fan 

 

The Rinevella Point exposure of the Ross Sandstone Formation consists of deep-water 

turbidite deposits (Pyles, 2008).  It is about 450m wide and 35m thick, and is the proximal part 

of a distributive system and predominately consists of channels (Straub and Pyles, 2012).  Only 

one lobe exists in the outcrop, and five channels, with the channels dominating 95% of the total 

area (Straub and Pyles, 2012).  The outcrop occurs oblique to paleo-depositional strike.  The 

outcrop and unit boundaries are depicted in Figure 3.12. 
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3.3.2 Kilbaha Bay Submarine Debris Fan 

 

The Kilbaha Bay outcrop of the Ross Sandstone Formation is about 1300m wide and 30m 

thick (Straub and Pyles, 2012).  The outcrop contains 3 channel elements and 15 lobe elements, 

as lobes account for 95% of total area (Straub and Pyles, 2012).  It is believed to be the medial 

part of a distributive system, or submarine fan.  Sedimentation occurred largely due to turbidite, 

or submarine debris flows (Pyles, 2008).  The system was aggradational in nature, as little 

erosion is seen at the bases of its beds (Pyles, 2008).  The outcrop and unit boundaries are 

depicted in Figure 3.13. 

 

 
Figure 3.12: Rinevella Point Outcrop and Unit Traces (Straub and Pyles, 2012) 

 

 

 

3.3.3 Compensation Index Study: Beds, Stories, and Elements 

 

Each outcrop was then subdivided into three hierarchical designations: beds, stories, and 

elements.  A bed was classified as the product of a single depositional event, such as a turbidite 

or debris flow (Straub and Pyles, 2012).  A story was classified as a feature in which multiple 

beds have clustered into larger units but have similar lithofacies associations, and vertical 
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boundaries show centimeter-scale erosion (Straub and Pyles, 2012).  An element was classified 

as a grouping of stories into larger units in which the stories all have similar lithofacies 

 
Figure 3.13: Kilbaha Bay Outcrop and Unit Traces (Straub and Pyles, 2012) 

 

 

associations, and show decimeter-scale erosion at vertical boundaries (Straub and Pyles, 2012). 

The compensation index was calculated for each hierarchical designation, resulting in six 

different compensation index values (Figure 3.14).  It was found that the strength of 

compensational stacking increased with hierarchical level in both the Kilbaha Bay and Rinevella 

Point outcrops.  This demonstrated that the compensation index is justified as a metric of 

subdividing stratigraphy into hierarchical units (Straub and Pyles, 2012).  It also showed that 

strength of compensational stacking increased along a longitudinal transect through a distributive 

submarine fan (Straub and Pyles, 2102). 
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Figure 3.14: κcv calculation for Kilbaha Bay and Rinevella Point elements, stories and beds 

(Straub and Pyles, 2012) 

 

 

 

3.4 Fluvial Channelized Floodplain Deposits in Western Utah 

 

Jesse Pisel, a PhD candidate at Colorado School of Mines, is currently researching the 

compensation index in the Wasatch and Dakota Formation outcrops in Utah.  The outcrops of 

both formations in the study consist of fluvial channelized floodplain deposits.  In Figure 3.15, 

channel belts can be observed with horizontal floodplain deposits.  Six outcrops were studied, 

three from each formation.  Outcrops were chosen in series down-dip of the source in order to 

study the difference in compensational stacking patterns as the distance from the source varies. 

The compensation index was calculated for each of the six outcrops.  Unit boundary 

locations were measured in vertical sections spaced every 5 meters across the outcrop.  In Figure 

3.16, results depict the compensation index versus the distance from the source.  The 

compensation index is represented by the coefficient of variation on the y-axis.  The distance 

from the source for each outcrop was represented by three qualitative measures: proximal, 
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medial, and distal.  It was found that compensational stacking was stronger near the source and 

decreased monotonically as the distance from the source increased. 

 

 

 
 

Figure 3.15: Wasatch Formation Un-interpreted (A) and Interpreted (B) Photopanel (Pisel, 

personal communication, Feb 2015) 
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Figure 3.16: Compensation Index (as Coefficient of Variation) for Wasatch and Dakota 

Formation as the distance form the source is varied (proximal, medial, distal).  The compensation 

index decreases as the distance from the source increases for both formations studied (Pisel, 

personal communication, Feb 2015). 
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CHAPTER 4 

 

METHODS 

 

 

Data from the four previous and ongoing compensation index studies detailed in the 

‘study data’ section were acquired in multiple ways. Straub et al. (2009) presented the necessary 

data in the form of basin stratigraphy plots.  Each of the four computer-generated plots of basin 

stratigraphy was sampled using simulated evenly spaced, vertical boreholes (Throughout this 

study, the term “boreholes” will refer to these simulated vertical sections) .  Unit thicknesses 

were measured for each borehole and recorded in a digitized spreadsheet.  The three field data 

sources were not published and required the permission of the data owners for use in this study.  

Data from Pederson (2014), Straub and Pyles (2012) and from Jesse Pisel’s ongoing work were 

transferred in the form of comma-separated values files (.csv).  The field data sets were 

originally a collection of unit boundary locations, presented in just two columns with an x and y 

value.  The data was sorted by the x value in order to produce unit boundary locations in vertical 

columns.   

Vertical columns were organized into a spreadsheet from left to right, so that the vertical 

columns matched the actual field outcrop face from left to right.  In the previous compensation 

index studies, unit boundary locations were digitized into vertical columns spaced evenly across 

each outcrop.  The spacing varied from 0.2 m in Pederson (2014), 1 m in Straub and Pyles 

(2012), to 5 m in Jesse Pisel’s study.  The resulting data sets are equivalent to vertical boreholes 

sampled across the outcrop at the same spacing as used in the corresponding previous study.  The 

unit boundary locations were transformed into unit thicknesses using a simple subtraction 

function.   

In order to create a method of predicting compensation index using limited borehole 

sampling, it was desirable to have fewer boreholes to work with.  This required a reduction of 

borehole sampling locations from the maximum possible to about 30 boreholes for each outcrop.  

To create this data set of reduced boreholes, boreholes were sampled at evenly spaced intervals 

across the entire outcrop in order to reduce bias.  An example of evenly spaced borehole-type 

sampling across a field outcrop is depicted in Figure 4.1.   
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Figure 4.1: Evenly spaced borehole-type sampling on the Pederson (2014) Poncha Pass subaerial 

debris fan (not to scale). 

 

 

4.1 Analysis of Computer Generated Data Sets 

 

Following borehole sampling, a basic statistical analysis was performed for each basin as 

well as each individual borehole.  Statistics of interest included the type of data distribution for 

each basin as well as each individual borehole.  The results of the basic statistical analysis were 

then used to find trends and look for correlation to compensation index.  The variation in unit 

thickness was the main trend examined in this analysis.  Results of this analysis were then used 

to modify existing plans for analysis of data from natural outcrops. 

 

4.2 Field Data: Analysis of Total Population of Unit Thicknesses and Correlation to 

Compensation Index 

 

For each outcrop, all borehole-derived unit thicknesses were grouped into one 

distribution.  The data sets of maximum number of borehole-derived unit thicknesses were used 

in this step, as defined by the number of vertical sections that was used in the actual calculation 

of the compensation index in the parent studies.  A distribution identification analysis was 

performed on the population of unit thicknesses for each outcrop to determine the nature of the 

distribution using an Anderson-Darling normality test.   

Basic descriptive statistics were performed on each outcrop’s population of unit 

thicknesses.  This included the mean, median, geometric mean, standard deviation, inter quartile 

range, skewness, kurtosis, coefficient of dispersion, coefficient of variation, a histogram of unit 

thickness distributions, and probability plots.  These results were entered into a correlation plot 

with the respective compensation index values for each basin from previous studies.  Correlation 

trends were studied and used to produce least square ‘best fit’ equations.  
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4.3 Prediction of Compensation Index Using Individual Boreholes 

 

In this step, individual borehole data was used to predict the compensation index.  The 

best correlating statistics were selected for use in predictions based on the ‘best fit’ equations.  

The data set of reduced boreholes was used for prediction of the compensation index.  For each 

individual borehole, basic statistics were calculated for use in the prediction equations.  Three 

prediction analyses were performed.  In the first, each best correlating statistic from step 4.3 was 

used individually for a prediction of compensation index at each borehole location.  The best 

fitting statistics were plugged into the prediction equations for each individual borehole.  This 

resulted in multiple compensation index predictions for each borehole, which were averaged 

resulting in one prediction at each borehole location by arithmetic mean.  The predicted 

compensation index values were plotted versus the borehole locations for each field outcrop.  

Using all boreholes in the reduced data set for each outcrop, the average predicted compensation 

index, minimum, maximum, and range were calculated and recorded.  

In the second prediction analysis, a regression model was used to aid in predicting the 

compensation index.  Possible correlates from step 4.3 were run through a multiple regression 

model.  Next, predictions of the compensation index were produced for each individual borehole.  

The best prediction model was chosen for further use based on its accuracy and range as 

compared to the actual calculated compensation index from previous studies.   The selected 

model was then calibrated to improve accuracy.  The calibrated model was then used to produce 

plots of individual borehole predictions across each outcrop.  The plots were then compared to 

the original model to check for improvements in accuracy. 

The final analysis consisted of varying the number of boreholes used in the prediction 

model, rather than using just one individual borehole at a time.  The number of boreholes ranged 

from one to the maximum of the reduced data set (around 30 boreholes for each outcrop).  For 

each number of boreholes used in the prediction, every combination of boreholes was used in 

order to produce the maximum range of predictions.  Results were plotted to examine trends in 

compensation index prediction as the number of boreholes was varied, in order to evaluate the 

minimum number of boreholes to develop an accurate prediction of compensation index. 
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CHAPTER 5 

 

RESULTS 

 

 

The results of this study are organized into six sections.  In section 5.1, computer-

generated basins were sampled and analyzed for correlation to compensation index.  Section 5.2 

is an analysis of field outcrops used in previous compensation index studies, where large 

populations of unit thickness statistics were examined for correlation to compensation index.   In 

section 5.3, a method of predicting compensation index using data from individual borehole 

sampling is presented.  In section 5.4, the prediction model was calibrated to improve accuracy.  

Plots comparing the predicted compensation index to the actual are presented.  In section 5.5, the 

number of boreholes used in the prediction model was varied.   Plots of the range in 

compensation index prediction versus the number of boreholes used in the model are depicted 

and analyzed. 

 

 

5.1 Analysis of Computer Generated Data Sets of Basin Stratigraphy 

 

The plots of computer generated basin stratigraphy were analyzed separately.  No field 

data sets were used in this step.  The perfectly compensational basin and perfectly random basin 

were analyzed first, followed by the two basins with 0.75 compensation.  Five evenly spaced 

boreholes was enough to sample the perfectly random and perfectly compensational basins due 

to low variability in unit thicknesses between boreholes (Figure 5.2a-b).  Seven evenly spaced 

boreholes were used for the 0.75 compensation basins due to greater variability between their 

respective boreholes (Figure 5.3a-b).   

At each borehole location and for each basin, the basic statistics of all unit thicknesses 

were calculated and compared to the rest of the outcrops.  Correlation between the unit thickness 

statistics and the compensation index was then performed.  The distribution type of the 

populations was non-normal and did not fit any distribution type very well.  The closest fit was 

to a three-parameter lognormal distribution.  Other statistical tests were then used to suggest if 

unit thicknesses belonged to different or equivalent populations. 
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Figure 5.2: Borehole Sampling of Computer Generated Basin Stratigraphy.  Plot of κ=1.0 (a) and 

plot of κ=0.5 (b) (Straub et al., 2009).  

 

Figure 5.3: Borehole Sampling of Computer Generated Basin Stratigraphy.  Plot of κ=0.75 (a) 

and plot of κ=0.75 (c) (Straub et al., 2009).  

 

Since the population of unit thickness data was found to have an unknown data 

distribution, the mean was not used as a measure of central tendency.  The magnitudes of unit 

thickness varied greatly between the basins in Figure 5.2 and the basins in Figure 5.3, due to the 

manner by which Straub et al. (2009) varied the model input parameters.  Basic statistics were 

calculated for each borehole as well as total unit thickness population for each basin.   It was 

found that the standard deviation was not an acceptable comparison statistic, because it had the 

same units as the original data and was highly influenced by the magnitude of the unit 

thicknesses (i.e., it needed to be normalized).  Therefore the coefficient of variation (CV) was 

used to compare the different basins, as the standard deviation was normalized by a measure of 
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central tendency resulting in a unitless measure of variation.  Two CV’s were compared in the 

analysis, a CV of standard deviation normalized by the median (CV median) and by the 

geometric mean (CV geometric mean).  

The CV median has a correlation to the compensation index with an R
2
 value of 0.63 

(Figure 5.4 a).  The CV geometric mean has an R
2
 value of 0.82 (Figure 5.4 b).  The standard 

deviation normalized by the geometric mean of unit thicknesses has the strongest correlation to 

the compensation index.  The median and geometric mean are not correlated to the compensation 

index, due to the very large difference in magnitude of deposit thickness.  A Mann-Whitney test 

was performed to compare the coefficients of variation between the different basins.  The results 

were somewhat inconclusive.  The perfectly compensated basin (κ=1.0) and the randomly 

compensated basin (κ=0.5) likely belong to different populations, however, the two basins that 

have a κ =0.75 likely belong to different populations as well.   

 

 
Figure 5.4: Coefficients of Variation with respect to the median (a) and geometric mean (b) for 

computer-generated data sets. 
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5.2 Analysis of Field Outcrops: Correlation of Unit Thickness Statistics to Compensation 

Index 

 

For each outcrop, all borehole-derived unit thicknesses were grouped into one 

distribution. Initial data screening revealed the data was non-normal. Graphical summaries of 

basic distribution statistics for each outcrop can be found in Appendix A.  A histogram was 

created for each outcrop in order to display the distribution of unit thicknesses. The distributions 

were all non-normal, and did not fit any type of known distribution.  The nearest fit was to a 3-

parameter lognormal distribution.  A data transformation was not warranted at this time due to 

the poor fit, as well as the potential for future problems associated with transforming individual 

borehole data.  However, it was concluded that the mean should not be used as a measure of 

central tendency due to the unknown nature of the distributions. 

Basic descriptive statistics were then calculated for the entire population of unit 

thicknesses for each outcrop.  This included the median, geometric mean, skewness, kurtosis, 

standard deviation, interquartile range, and coefficients of variation.  The variation was modeled 

by the standard deviation normalized by the median and geometric mean, as well as by 

normalizing the interquartile range by the median and geometric mean.  These statistical 

parameters were then examined for correlation to the previously established compensation index 

values for each outcrops.  No acceptable correlation was found between any of the statistical 

parameters studied and the compensation index, as R
2 

values were all very low (Figure 5.5 a-c).  

Without finding correlation to unit thickness trends, an accurate prediction model would not be 

possible.  It was proposed that outcrops be grouped by depositional type, and then checked for 

correlation to compensation index.  

 

5.2.1 Fluvial Outcrops 

The outcrops of the Wasatch and Dakota Formations studied by Pisel contain fluvial 

channelized flood deposits.  There were six outcrops in total, and statistics of unit thickness from 

each revealed no strong correlation to the compensation index (Figure 5.6 a-b).  The geometric 

means of the Wasatch and Dakota outcrops had an R
2
 value of only 0.05, while the CV 

Geometric Mean had an R
2
 value of only 0.15.  It was not possible to create a method of 

estimating compensation index using borehole data for fluvial outcrops due to the lack of 

correlation. 
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Figure 5.5: Total Population of Unit Thicknesses versus the Compensation Index (Κ) for All 

Field Outcrops.  No correlation was discernable in these plots, as R
2
 values were very low. 
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Figure 5.6: Correlation in Fluvial Outcrops Only 

 

 

5.2.2 Debris-Flow Outcrops 

 

The subaerial debris-flow outcrops had potential correlation when analyzed individually, 

though only three data points could be used.  Three data sets exist for each submarine debris-

flow outcrop, corresponding to the hierarchical designations.  Correlation results of data from 

only submarine debris-flow outcrops revealed strong correlation to compensation index, and a 

monotonic relation of unit thickness statistics to κ  (Figure 5.7).  However, it was determined that 

limited borehole-type sampling could not distinguish locations of stories and elements.  
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Therefore, only the ‘beds’ data from Straub and Pyles (2012) data sets were used in the 

correlation analysis, resulting in two additional points for “debris flow” evaluation.  

 

 

 
Figure 5.7: Correlation in Submarine Debris-Flow Outcrops Only. ‘KB” refers to Kilbaha Bay 

and ‘RV’ refers to Rinevella Point. 

 

The five subaerial and submarine debris flows were plotted together to analyze 

correlation, since both are radially distributive systems with similar features such as channels, 

levees, and lobes.  Correlation results showed that, similar to the computer generated model 

analysis, standard deviation of unit thicknesses does not appear to correlate to compensation 

index (Figure 5.8).  A moderately strong correlation to the compensation index was found with 

the median, geometric mean, CV median, and CV geometric mean of unit thickness populations 
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(Figures 5.9-5.12).  However, a sizeable gap exists in the data points, located between a 

compensation index of 0.63 and 1.01.  The correlation trends were modeled with simple, 

monotonic ‘best fit’ equations to interpolate across the gap.  Other statistics such as the 

interquartile range and the coefficient of dispersion showed some correlation, though 

considerably weaker than the median, geometric mean, CV median, and CV geometric mean.  

Outcrop thickness, maximum and minimum thickness, lateral extent, and number of thicknesses 

recorded showed no correlation to the compensation index.   

 

 
Figure 5.8: Lack of Correlation Between Standard Deviation of Unit Thicknesses and the 

Compensation Index 

 

 

5.3 Predicting κ Using Individual Boreholes Across Debris-Flow Outcrops 

 

The correlation results were used to predict compensation index for individual boreholes on each 

of the subaerial and submarine debris-flow outcrops, and then compare the predictions to the 

compensation index measured in the field.  The data sets of reduced boreholes (around 30 

boreholes per outcrop) were used for prediction of the compensation index.  For each individual 

borehole, basic statistics were calculated and input into the prediction equations.  The four 

prediction equations originate from the ‘best fit’ correlation equations, and are shown in 

Equations 5.1-5.4 with their respective R
2
 value from the correlation analysis. 
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Figure 5.9: Strong Correlation Between the Median and Compensation Index.  A gap in data 

points exists between κ=0.63 and κ=1.01. 

 

 

 
Figure 5.10: Moderately Strong Correlation Between the Geometric Mean and Compensation 

Index. 
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Figure 5.11: Moderate Correlation Between the CV Median and Compensation Index.  

 

 

 

 
Figure 5.12: Moderate Correlation Between the CV Geometric Mean and Compensation Index. 
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𝛋 𝐌𝐞𝐝𝐢𝐚𝐧 = 1.77(Median) + 0.23               (R
2
=0.86) (5.1) 

 

 

𝛋𝐆𝐞𝐨𝐦𝐞𝐭𝐫𝐢𝐜 𝐌𝐞𝐚𝐧  = 1.84(Geometric Mean) + 0.22               (R
2
=0.80) (5.2) 

 

 

𝛋𝐂𝐕 𝐌𝐞𝐝𝐢𝐚𝐧  = 1.17e−0.39(CV Median)           (R
2
=0.67) (5.3) 

 

 

𝛋𝐂𝐕 𝐆𝐞𝐨𝐦𝐞𝐭𝐫𝐢𝐜 𝐌𝐞𝐚𝐧  = 1.28e−0.53(CV Geometric Mean)       (R
2
=0.67) (5.4) 

 

 

This resulted in four compensation index predictions at each borehole location.  The 

variation of predictions was significant, with ranges greater than 0.5, producing very large error 

when compared to the actual calculated compensation index.  Averaging the four predictions at 

each borehole location greatly reduced error and lessened the range of predictions for each 

outcrop (Equation 5.5), in which κaverage borehole is the compensation index prediction for one 

individual borehole.  The compensation index prediction for a whole outcrop using all sampled 

boreholes is calculated using Equation 5.6, in which n represents the number of boreholes 

sampled.   

𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐛𝐨𝐫𝐞𝐡𝐨𝐥𝐞 =
κMedian+κGeometric Mean+κCV Median+κCV Geometric Mean

4  
      (5.5) 

 

 

𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐨𝐮𝐭𝐜𝐫𝐨𝐩 =
𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐛𝐨𝐫𝐞𝐡𝐨𝐥𝐞 𝟏+𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐛𝐨𝐫𝐞𝐡𝐨𝐥𝐞 𝟐+𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐛𝐨𝐫𝐞𝐡𝐨𝐥𝐞 𝐧

n
           (5.6) 

 

 

The results of this first attempt at a prediction model, using the average of the four 

predictions at each borehole, are summarized in Table 5.1.  The left half of the table contains 

data from field studies including the calculated compensation index and error.  The right half of 

the table is data from the first prediction model.  The minimum and maximum are the lowest and 

highest predictions from an individual borehole on that outcrop.  The range is the maximum 
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minus the minimum.  The absolute error represents worst individual borehole prediction as 

compared to the actual compensation index value range.  

 

Table 5.1: Summary of Initial Predictions of Compensation Index  

Debris-Fan Field Study Predictions Using Individual Boreholes 
Name Type κ 

(actual) 

Error κaverage  

outcrop 
 

Minimum Maximum Range Absolute 

Error 

Rinevella 

Point 

Submarine 0.43 ±0.08 0.52 0.38 0.75 0.37 ±0.24 

 

Kilbaha Bay Submarine 0.49 ±0.08 0.58 0.47 0.79 0.32 ±0.22 

 

Woodland 

Park 

Subaerial 0.63 ±0.08 0.67 0.57 0.78 0.21 ±0.07 

 

Poncha Pass Subaerial 1.01 ±0.08 0.93 0.80 1.00 0.20 ±0.13 

Cedar Mesa Subaerial 1.03 ±0.10 0.89 0.67 1.18 0.51 ±0.28 

 

 

A multiple regression model was attempted to correlate statistical parameters to the actual 

compensation index.  Results of the regression model were considerably less accurate than the 

initial prediction model of averaging the four prediction equations at each borehole.  The 

predicted compensation index values from the regression model had a larger range and higher 

variability than in the first model.  Therefore, predictions were produced using the average of the 

four prediction equations for each individual borehole. 

5.3.1 Predictions for Submarine Fans 

 

Predictions were calculated using only the submarine fan data, separate from the 

subaerial fan data.  The two submarine outcrops showed promising results despite their large 

lateral extent and tremendous data reduction.  The Kilbaha Bay outcrop is 1300 m wide, while 

the Rinevella Point outcrop is 450m wide.  Prediction using only 1% of original unit boundary 

locations (1% of the number of vertical sections used to calculate the actual compensation index) 

was only 0.01 outside of the range of actual compensation index for the Kilbaha, and using only 

4% of the original data was only 0.01 outside of the original compensation index range for the 

Rinevella.  The average compensation prediction for both outcrops using all the sampled 

boreholes was greater than the actual compensation index.   The worst error from an individual 



 

 40 

borehole prediction was considerably too high for both outcrops, by +0.24 for the Rinevella and 

+0.22 for the Kilbaha, while the minimum predictions were not outside of the actual range.  The 

model over-predicted the compensation index for both submarine outcrops. 

 

 

5.3.2 Predictions for Subaerial Fans 
 

Next, predictions were calculated using only the subaerial fan data, separate from the 

submarine fan data.  The three subaerial debris fans showed mixed results in estimating 

compensation index.  Since Pederson (2014) did not perform an error analysis or confidence 

interval for his final calculations of compensation index, one was estimated for each outcrop.  It 

was assumed that error was similar to the Straub and Pyles (2012) study, in which error in 

calculating the compensation index was ±0.08.  The R
2 

values for the compensation index 

calculation plots were compared to those of the submarine fans.  They were somewhat similar so 

it was assumed that error was near ±0.08.  The Woodland Park outcrop was assumed to have 

error of ±0.08 due to its small size and limited variation from borehole to borehole.  The Cedar 

Mesa outcrop showed much more variability between boreholes and on left and right quadrants 

of the outcrop.  Therefore, the error was slightly increased to ±0.10.  Pederson (2014) calculated 

two compensation index values for the Poncha Pass fan, one for each the lower and upper bound. 

However, only one data set was presented for the fan and it corresponded to the upper bound, 

which had a calculated compensation index of 1.01.  Variability was low across the fan so an 

error value of ±0.08 was estimated. 

 The individual borehole predictions for the Woodland Park fan were very accurate, as 

maximum error was within +0.1 of the actual calculated compensation index range, while no 

predictions were less than the actual range.  The individual borehole predictions for the Poncha 

Pass fan were fairly accurate, as the maximum error was -0.13 outside of the actual range, and 

none greater than the range.  However, predictions with individual boreholes across for the Cedar 

Mesa fan resulted in the least accurate predictions and largest error, -0.28 outside of the actual 

range.  The predictions were too low for the highly compensational outcrops (Poncha Pass and 

Cedar Mesa), and too high for the less compensational outcrop (Woodland Park). 
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5.4 Calibration of the Prediction Model 

 

 Subsequent examination of the predictions for the five fans revealed a significant trend in 

the error: the less compensational outcrops (κ ≤ 0.75) were predicting too high, while the more 

compensational outcrops (κ ≥ 1.0) were predicting too low.  The average prediction for each 

outcrop was plotted versus the calculated compensation index in Figure 5.13.  The orange line 

represents equal prediction and calculated values, with the error range in grey.  A calibration was 

performed based on this relationship, using equations 5.7-5.9.  The trend in error is represented 

by a piecewise function.  The trend is linear when the predicted compensation index is between 

0.43 and 1.03 (Equation 5.7), while the slope of the trend flattens beyond this range (Equations 

5.8 and 5.9). A summary of the calibrated results is shown in Table 5.2.  

 

𝐢𝐟 𝟎. 𝟒𝟑 ≤ 𝛋𝐩𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝 ≤ 𝟏. 𝟎𝟑; 

𝛋𝐜𝐚𝐥𝐢𝐛𝐫𝐚𝐭𝐞𝐝 = 1.5419* 𝛋𝐩𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝  –  𝟎. 𝟑𝟖𝟗𝟏      (5.7) 

 

if 𝛋𝐩𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝 < 𝟎. 𝟒𝟑; 

𝛋𝐜𝐚𝐥𝐢𝐛𝐫𝐚𝐭𝐞𝐝 = 𝟎. 𝟐 ∗ 𝛋𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐨𝐮𝐭𝐜𝐫𝐨𝐩 + 𝟎. 𝟐𝟗      (5.8) 

 

if 𝛋𝐩𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝 > 𝟏. 𝟎𝟑; 

𝛋𝐜𝐚𝐥𝐢𝐛𝐫𝐚𝐭𝐞𝐝 = 𝟎. 𝟏𝟑 ∗ 𝛋𝐩𝐫𝐞𝐝𝐢𝐜𝐭𝐞𝐝 + 𝟎. 𝟗𝟐      (5.9) 

 

 

The calibration reduced prediction error significantly.  The maximum absolute error from 

an individual borehole was reduced from 0.28 in the first prediction model to 0.19.  The average 

prediction using all the limited boreholes was greatly improved, as all outcrops were within the 

range of the calculated compensation index from previous studies.  The ‘absolute error reduction’ 

column refers to the reduction in maximum absolute error from the first model.  The last column 

of Table 5.2 represents the percentage of individual borehole predictions within the range of the 

actual calculated compensation index from the prior study.  Out of all the individual borehole 

predictions, 83% were within the error range of the calculated compensation index.  The Poncha 
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Pass outcrop was the highest at 90% accuracy, the Cedar Mesa was the most difficult to predict 

with 65% accuracy and the largest range of predictions.  

 

 
Figure 5.13: Predictions vs. Calculated Compensation Index Values.  The black diamonds are 

prediction averages for each outcrop.  The orange line represents the ideal situation of 

predictions equaling the calculated values, while the grey lines outline the error range from the 

original study.  The green line is the correction factor for the predictions. 

 

Plots of individual borehole predictions across each outcrop with the range from the 

actual calculated compensation index are depicted in Figures 5.14-5.18.  Prediction values are 

represented for each borehole by the chartreuse diamonds.  The actual calculated compensation 

index value is represented by the horizontal black dashed line, and the range from the actual 

calculated compensation index is represented by the dark grey error bars.  The plots can be used 

to study how the predictions vary across an outcrop.  Poncha Pass has the least variability across 
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the outcrop, and Cedar Mesa shows the highest variability across the outcrop.  This correlates to 

the accuracy of the predictions, as Poncha Pass had the best predictions and least error, while 

Cedar Mesa was the most difficult to estimate compensation index. 

 

 

Table 5.2: Calibrated Prediction Results and Error Reduction 

Debris-Fan Prior Study Calibrated Predictions Using Individual Boreholes 

Name κ 
(actual) 

Error κaverage  

outcrop 
 

Minimum Maximum Absolute 

Error 

Absolute 

Error 

Reduction 

Boreholes 

within κ 

Range 

Rinevella 

Point 

0.43 ±0.08 0.45 0.37 0.71 ±0.19 

 

0.05 

 

85% 

Kilbaha Bay 0.49 ±0.08 0.51 0.39 0.70 ±0.13 

 

0.09 

 

81% 

Woodland 

Park 

0.63 ±0.08 0.63 0.49 0.74 ±0.03 0.04 86% 

Poncha Pass 1.01 ±0.08 1.02 0.86 1.07 ±0.07 0.04 90% 

Cedar Mesa 1.03 ±0.10 0.96 0.77 1.11 ±0.18 0.10 65% 

 

 

 

 
Figure 5.14: Individual Borehole Predictions across the Rinevella outcrop following calibration. 
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Figure 5.15: Individual Borehole Predictions across the Kilbaha outcrop following calibration. 

 

 

 
Figure 5.16: Individual Borehole Predictions across the Woodland Park outcrop following 

calibration. 
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Figure 5.17: Individual Borehole Predictions across the Poncha Pass outcrop following 

calibration. 

 

 

 
Figure 5.18: Individual Borehole Predictions across the Cedar Mesa outcrop following 

calibration. 
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5.5 Varying the Spacing of Boreholes Used in Prediction Models  

 

 An analysis was performed to compare the range of compensation index predictions to 

the borehole spacing used in the prediction (Figure 5.19-5.23).  The calibrated prediction results 

were used for this analysis, which used only the reduced data set of limited boreholes.  For each 

number of boreholes, every combination of boreholes across the outcrop was tested.  This 

resulted in a range of predictions that includes the maximum and minimum compensation index 

prediction for each number of boreholes used.  The plots also contain the range of actual 

calculated compensation index.  As the spacing of boreholes used in the prediction model is 

decreased, the prediction becomes more accurate.  The plots show the spacing required to get a 

desired accuracy, such as that of the calculated compensation index.  For example, only 10 

boreholes are needed, spaced every 130m, on the 1300 m wide Kilbaha Bay outcrop to estimate 

the compensation index within the range of the actual calculated compensation index (Figure 

5.19).  However, compensation index could not be predicted as accurately for all the outcrops.  

The accuracy was not dependent on the lateral extent of the outcrop.   

 

 
Figure 5.19: Rinevella Point Range of Predicted κ vs. Borehole Spacing. 
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Figure 5.20: Kilbaha Bay Range of Predicted κ vs. Borehole Spacing 

 

 

 
Figure 5.21: Woodland Park Range of Predicted κ vs. Borehole Spacing 
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Figure 5.22: Poncha Pass Range of Predicted κ vs. Borehole Spacing 

 

 

 
Figure 5.23: Cedar Mesa Range of Predicted κ vs. Borehole Spacing 
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CHAPTER 6 

 

DISCUSSION 

 

  

 The correlation analysis of unit thickness statistics was a crucial step in estimating 

compensation index using borehole-type data.  The analysis of computer-generated data sets 

showed the potential for correlation of unit thickness statistics to the compensation index (Figure 

5.4).  Strong correlation to the compensation index was only found with the coefficient of 

variation.  A measure of central tendency could not be correlated to the compensation index.  

The completely compensational basin and the perfectly random basin were created using the 

same magnitudes of unit thickness, and their medians and geometric means appeared to correlate 

(Figure 5.2).  However, the two intermediate basins were created with much larger magnitudes 

of unit thickness, so their medians and geometric means were much greater than the other two 

basins (Figure 5.3).  If the models all used similar magnitudes of unit thickness, it is theorized 

that the median and geometric mean would correlate to compensation index.  

The three subaerial debris-flow outcrops showed potential correlation of statistics of unit 

thickness to compensation index, though not significant with only three data points.  The two 

submarine bed outcrops could not show correlation due to only having two data points.  The six 

fluvial outcrops appeared to have no discernable correlation.  Even individual analysis of each of 

the Dakota and Wasatch Formation outcrops revealed no correlation between unit thickness 

statistics and compensation index (Figure 5.6).  The fluvial deposits consist of flat-lying flood 

plain deposits with some intermixed channel deposits.  The channel locations likely play a large 

role in controlling the compensation index.  However, sampling boreholes would make it 

difficult to locate channels.  The floodplain deposits in these outcrops do not have maximum 

thickness near their centerline, nor do they thin laterally away from the centerline.  This is 

contradictory to how both submarine and subaerial debris fans are deposited, as they are radially 

distributive.  This is also contradictory to how Straub et al. (2009) chose to create computer-

generated basins to study radially distributive systems.   

In borehole sampling of the Wasatch and Dakota, the floodplain deposits dominate the 

unit thickness statistics.  Since the compensation index is likely controlled by the channel 

locations more so than the floodplain deposits, correlation of unit thickness statistics to the 

compensation index was not possible.  Due to the lack of correlation and differences in 
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deposition type, the fluvial deposits of the Wasatch and Dakota were omitted from further 

comparison.  

 

6.1 Prediction Results 

 

 The correlation analysis using only debris-flow field data was selected as a basis for 

estimating debris-fan compensation index.  However, without the six fluvial outcrops, only five 

data points were available for correlation (Figures 5.9-5.12).  Though the five data points show 

moderate correlation, further research will have to be performed to corroborate these findings.  

Nevertheless, prediction of compensation index was performed for individual boreholes across 

each debris fan.  The four selected correlates included two measures of central tendency and two 

measures of normalized variation.  Though possibly unconventional, using two measures of 

central tendency produced more accurate predictions than using only one.  A multiple regression 

prediction model was also tested, though results were significantly less accurate than averaging 

the four correlate prediction equations.  This is likely due to the reduction in error by averaging 

the four statistics.  To explain this finding, an examination of individual borehole unit thickness 

trends may be necessary.   

Upon examination of unit thickness distributions, individual boreholes were found to 

have similar thickness distributions to the overall population distributions.  Therefore, one very 

thick unit may control certain statistics.  This confirmed the use of the median and geometric 

mean instead of the mean, as they are not as sensitive to outliers as the mean.  Though the 

correlation analysis showed almost identical correlation curves for the CV median and the CV 

geometric mean, the median and geometric mean vary in individual boreholes.  When run 

through the prediction equations (Equations 5.1-5.4), each produces a different prediction.  The 

regression model uses all the compensation index values and statistics at once.  Compensation 

index prediction was highly inaccurate with individual boreholes, but when all the individual 

borehole predictions across an outcrop were averaged, the result was very accurate.  The 

regression model was not chosen for further analysis because it is unlikely feasible to sample 

around thirty boreholes on a fan for a hazard analysis.  The prediction model needs to be accurate 

when only a couple boreholes are sampled.  

 Predicting the compensation index using individual boreholes was expected to be 

difficult due to the large reduction in data and lack of significant correlation.  The initial 
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prediction analysis (Section 5.3) revealed very useful information, as the correlation equations 

had over predicted for anti-compensational systems, and under predicted for highly 

compensational systems (Figure 5.13).  An empirical calibration of the prediction model was 

performed to attempt to reduce error and improve accuracy.  Altering the correlation equations 

did not make sense with the gap in data and the difficulty in performing a sensitivity analysis 

with the equations.  A calibration to the prediction model was used based on the error of the 

average predictions for each entire outcrop (Figure 5.13).  For outcrops with a compensation 

index less than 0.75, the prediction would be decreased slightly.  For outcrops with a 

compensation index greater than 0.75, the prediction would be increased slightly.  The 

calibration greatly reduced error and improved accuracy of the predictions for individual 

boreholes.  

 The calibrated prediction model resulted in a maximum error of individual borehole 

compensation index predictions of 0.19 outside of the actual calculated compensation index 

ranges.  This maximum error represents sampling only one borehole for each outcrop, in a 

location least representative of outcrop unit thickness statistics.  Individual borehole predictions 

were within the calculated compensation index error range 83% of the time.  This supports the 

theory that borehole-type is a suitable proxy to mapping an entire outcrop and calculating the 

compensation index.   

Decreasing the spacing of boreholes resulted in significant error reduction, as seen in 

Figures 5.14-5.18.  These plots could eventually be used as a guide for determining how many 

vertical sections to sample on a fan.  They give an idea of what kind of accuracy one might 

expect if a certain number of boreholes were to be sampled, or an idea of how many boreholes to 

sample based on the desired error range.  At this point, no research has been performed to 

determine what range of error would be acceptable for use of the compensation index in debris-

flow hazard studies. 

For the outcrops studied, a borehole sample spacing of about 10m results in a 

compensation index prediction error within 0.1 of the actual calculated range of compensation 

index.  The lateral extent of the outcrop does not appear to correlate to the accuracy of 

compensation index prediction.  For example, the 1300m wide Kilbaha Bay outcrop would need 

less than 10 boreholes to estimate the compensation index within the range of the actual 

calculated value.  The much smaller Cedar Mesa outcrop (about one tenth the size of Kilbaha 
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Bay) would need more than 15 boreholes for that level of accuracy and precision. The necessary 

sampling space might dependent on the size of features present in each outcrop.  For example, 

the Kilbaha Bay outcrop has very large features, on the scale of about 150m wide.  A sampling 

spacing of about 130m was suitable for accuracy within the calculated error range.  In the 

smallest subaerial debris-flow outcrop, Woodland Park, a sampling space of about 10m was 

needed, very similar to a single debris-flow deposit width.  Therefore, it is theorized that the 

typical bed width is a reasonable estimate of required borehole spacing.  It is also theorized that a 

sampling spacing of 130% of estimated bed width would be ideal for compensation index 

estimation, based on research of geological engineering data collection (Santi, personal 

communication). 

  

6.2 Implications and Limitations for Debris-flow Hazard Analysis 

 

 Many limitations currently exist for using the compensation index in debris-flow hazard 

studies, assessments, and mitigation design.  This study aimed to tackle a severely limiting 

hurdle: estimating debris-fan compensation index without the need to map a large, well exposed 

cross section.  While prediction results were promising, more data is necessary to corroborate 

these findings, as only five debris fans were available for use in this study.  There may be 

differences in submarine and subaerial fans, as their means of sediment transport and run out 

distance vary considerably.  Also, the correlation of statistics of unit thickness to compensation 

index is incomplete because of the gap in field data from a compensation index of 0.63 to 1.01.  

Regardless, the findings are believed to warrant further research in estimating compensation 

index with limited vertical section sampling. 

Another limiting factor is that a small section of the fan may not be representative of the 

compensation index for the entire fan.  In other words, the compensation may vary if a section 

was measured closer to the apex, or measured along a longitudinal transect (apex to toe of fan) 

rather than parallel.  However, since using individual boreholes to predict the compensation 

index was within a range of a maximum error of 0.19, which is about double the error ranges 

calculated from measured sections, it is theorized that small sections of fans are representative of 

overall fan compensation index.  Furthermore, channelized and confined regions of a fan would 

likely have a lower compensation index than levee and lobe dominated regions.  Therefore, it is 

theorized that near the fan apex, an often channelized and constrained zone, the compensation 
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index would be near 0.5.  The mapped outcrop of the Woodland Park fan was located near the 

apex, possibly explaining the lesser compensation index of 0.63.  In this zone, avulsion would be 

difficult and successive flows would either stack on top of each other, or be eroded away 

between flow events.   

As we move away from the apex toward the margins of the fan, the compensation index 

would likely increase in lobe dominated regions.  The fan margins are generally less constrained 

and allow for radial distribution of sediment, increasing the likelihood of avulsion.  Straub and 

Pyles (2012) theorized that compensation increases along a longitudinal transect through 

distributive submarine fans.  The Poncha Pass fan was mapped near the distal margin of the fan, 

and had a compensation index of 1.01.  The Cedar Mesa fan was mapped at the distal margin of 

the fan, possibly explaining the high compensation index of 1.03.  Predictions of compensation 

index were the least accurate for the Cedar Mesa outcrop.  Therefore, the fan margin may not be 

a good place for sampling, as the central regions of the fan yielded more accurate predictions.  

More research is needed to confirm this. 

Figure 6.1 presents a theory of the change in compensation index at varying locations on 

a debris fan, in which the compensation index is random at the apex (pink trace, κ =0.5), 

intermediate near the middle region of the fan (yellow trace, κ =0.75), and increases to fully 

compensational near the margins (light green trace, κ =1.0).  Straub and Pyles (2012) found 

similar results in submarine deposits, as compensation increased toward the margins.  Pisel’s 

findings for fluvial deposits were the opposite, though mechanisms of sediment transport and 

deposition are very different from subaerial and submarine debris flows. 

Discerning the differences in behavior of fans of varying compensation indices presents 

another potentially limiting factor for using the compensation index in debris-flow hazard 

assessment.  It if a fan has a compensation index of 1.0 or greater, each successive flow should 

travel to a topographic low following channel avulsion.  A fan of this nature may be more 

hazardous as flows have greater mobility to move laterally away from drainage channels.  On the 

other hand, if a fan had a compensation index of 0.5, then subsequent deposition in the 

topographic low would be much less likely.  Mobility of a flow to move away from drainage 

channels may be decreased, which would reduce hazard elsewhere on the fan.  It is theorized that 

as the compensation index increases for natural, unmitigated fans, debris-flow hazards increase.  

However, designing and locating mitigation structures may be easier and more effective on a fan 
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with a high compensation index, due to the likelihood of successive flows to find topographic 

lows.  Locating avulsion points would be necessary if mitigation were to be effective, and rapid 

changes or break points in compensation index may help locate avulsion prone areas on debris 

fans.   

 
Figure 6.1: Theorized Compensation Index Values for Varying Fan Locations  

 

For fans of intermediate compensation index (κ near 0.75), estimating the avulsion 

tendency and mobility of flows becomes more difficult.  Based on the findings of uncertainty 

when compensation index is near 0.75, fans of this nature may exhibit very different behavior.  

One may be very mobile and dangerous, another more benign and channelized, but both with 

identical compensation index values.  If a fan was completely anti-compensational (κ =0), 

subsequent flow events would likely stack on top of each other, making mitigation much simpler.  

Unfortunately this type of fan has not been discovered, and likely does not exist in nature.  More 

research is needed in this area to determine the effects of compensation index and hazard 

potential, as the theories presented were all very speculative.  At this time, an acceptable range of 

compensation index estimation for use in hazard studies is not available.   
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CHAPTER 7 

 

CONCLUSIONS 

 

 

 The estimation of debris-fan compensation index with limited borehole-type data is 

possible within an error range similar to field-measured data.  While this approach is potentially 

viable for both subaerial and submarine debris fans, it was unsuccessful for fluvial deposits.  For 

the five debris-fan outcrops studied, the maximum error associated with individual borehole-type 

sampling was 0.19 outside the range of calculated compensation index from outcrops, and this 

error range decreases substantially when the number of boreholes is increased.  Out of 148 

individual borehole predictions on five different fans, 123 (83%) were within the range of the 

actual calculated compensation index. Since limited data were used to correlate results and 

predict compensation index, more research is needed to corroborate these findings.  However, 

the results of this analysis are believed to warrant further study of debris fans using the modified 

compensation index.    

 In this study, borehole sampling was tried as a proxy to mapping the face of an entire 

outcrop to estimate compensation index.  Unfortunately, drilling and logging boreholes on a 

debris fans consisting of loose, coarse, surficial material is unlikely to produce accurate 

boundary locations of past flow events.  Other methods of measuring unit thicknesses in vertical 

sections would be necessary.  Trenching, stream cuts, road cuts, and landslide scarps are viable 

alternatives to sampling boreholes.   

 At the time of writing, little is known about the actual behavior of variously compensated 

debris fans.  This is necessary information if the compensation index were to be used as an aid in 

hazards assessments.  However, since flow path and avulsion are significant contributors to 

debris-fan hazards, the compensation index is likely to have value in hazard studies.  Knowledge 

of debris-fan compensation index related to debris-flow hazards may eventually aid in land use 

studies and the design of mitigation structures.   

 The compensation index likely varies at different locations on fans, presenting more 

challenges in the application of the compensation index to debris-flow hazards.  The 

compensation index is expected to increase along a longitudinal transect from the apex to the fan 

margins.  However, this may lead to the establishment of break points in avulsion tendencies, 

resulting in improved mitigation techniques.  Future studies on these topics are recommended to 
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in order to validate the use of the compensation index in debris-flow hazards.  Other 

characteristics that may correlate to compensation index include; fan slope angle, material 

characteristics, average velocity of flow, fan width to length ratio, thickness, and climatological 

factors.   Future studies on these topics are recommended to improve our understanding of debris 

flows. 
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APPENDIX A 

 

UNIT THICKNESS DISTRIBUTIONS  

 

 
Figure A-1: Unit Thickness Distribution for Poncha Pass Fan 

 

 

 

Figure A-2: Unit Thickness Distribution for Woodland Park Fan 
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Figure A-3: Unit Thickness Distribution for Cedar Mesa Fan 

 

 

Figure A-4: Unit Thickness Distribution for Kilbaha Bay 
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Figure A-5: Unit Thickness Distribution for Rinevella Point 

 

 
 

Figure A-6: Unit Thickness Distribution for Dakota (1) 
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Figure A-7: Unit Thickness Distribution for Wasatch (0) 
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