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ABSTRACT 

 
The Proceq Bambino is a hand-held rebound hammer that can measure brittleness through non-

destructive testing and increase the resolution, accuracy, and confidence in geomechanical estimations.  

The Bambino gives readings in Leeb Hardness (HLD). HLD measurements are defined as the ratio of 

rebound velocity to impact velocity.  Preliminary data was taken from the Niobrara Formation in a 

Denver Basin core to demonstrate the repeatability, precision, and non-destructiveness of the Bambino.  

A relationship between HLD values and geomechanical properties such as unconfined compressive 

strength, Young's modulus, and Poisson's ratio was found after conducting Bambino testing. These 

relationships, coupled with the non-destructive, high-resolution data collection methods of the Bambino, 

made the Bambino a useful tool in geomechanical characterization of the Niobrara Formation.   

Four cores were tested with the Bambino, and high resolution mechanical stratigraphic profile 

was made for one core with using core plug data. Cores were tested on a 6- to 12-in sampling interval to 

better match the resolution of the sonic logs.  A relationship between Bambino testing results and sonic 

log responses were established for all four cores.  Although this relationship varied across the study area, 

the sonic log-Bambino relationship was typically higher in chalks than marls, and x-ray fluorescence and 

x-ray diffraction data from one core shows that higher clay content heavily influences sonic log response 

within marls.  Sonic log data in the study area has also been related to initial and first year hydrocarbon 

production values to show the importance of geomechanical properties in unconventional reservoirs. 

  



iv 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................................ iii 

LIST OF FIGURES .................................................................................................................................... vi 

LIST OF TABLES ..................................................................................................................................... xii 

LIST OF SYMBOLS ................................................................................................................................ xiii 

CHAPTER 1 INTRODUCTION ................................................................................................................. 1 
1.1  Purpose and Significance .............................................................................................................. 3 
1.2  Objectives ..................................................................................................................................... 5 

CHAPTER 2 GEOLOGY ............................................................................................................................ 6 
2.1 Western Interior Cretaceous Basin and the Denver Basin ............................................................ 6 
2.2 Stratigraphy ................................................................................................................................... 7 
2.3 Niobrara Total Petroleum System ............................................................................................... 11 

2.3.1 Source Rocks, Seals, and Reservoir Rocks .......................................................................... 12 
2.3.2 Thermal Anomaly and Hydrocarbon Generation ................................................................. 13 
2.3.3 Hydrocarbon Production and Reserve Estimates ................................................................. 14 

CHAPTER 3 GEOMECHANICS .............................................................................................................. 16 
3.1  Geomechanics ............................................................................................................................. 16 

3.1.1 Mechanical Properties .......................................................................................................... 16 
3.1.2 Isotropy and Anisotropy ....................................................................................................... 17 

CHAPTER 4 CORES ................................................................................................................................ 19 
4.1 USGS Berthoud State Core ......................................................................................................... 20 
4.2 Noble Aristocrat Core .................................................................................................................. 22 
4.3 SM Patriot Core ........................................................................................................................... 23 
4.4 BBC Talmadge Core ................................................................................................................... 23 

CHAPTER 5 METHODS .......................................................................................................................... 25 
5.1 Bambino Testing .......................................................................................................................... 25 
5.2 Mechanical Stratigraphy .............................................................................................................. 26 
5.3 Sonic Log, Bambino, XRD, XRF, and Hydrocarbon Production Relationships ........................ 27 

CHAPTER 6 MECHANICAL STRATIGRAPHY ................................................................................... 28 
6.1 Methodology ................................................................................................................................ 28 
6.2 Core Plug Testing ........................................................................................................................ 29 
6.3 Mechanical Properties Relationships ........................................................................................... 31 

6.3.1 Results .................................................................................................................................. 31 
6.3.2 Implications .......................................................................................................................... 31 

6.4 Mechanical Stratigraphic Profiles ............................................................................................... 35 

CHAPTER 7 SONIC LOG AND BAMBINO RELATIONSHIP ............................................................. 37 
7.1  Methodology ............................................................................................................................... 37 
7.2 USGS Berthoud Core .................................................................................................................. 38 
7.3 Noble Aristocrat Core .................................................................................................................. 40 
7.4 SM Patriot Core ........................................................................................................................... 41 
7.5 BBC Talmadge Core ................................................................................................................... 42 
7.6 Chalks and Marls ......................................................................................................................... 43 

CHAPTER 8 X-RAY FLUORESENCE AND X-RAY DIFFRACTION ................................................. 45 



v 

8.1 Methodology ................................................................................................................................ 45 
8.2 XRF Analysis .............................................................................................................................. 45 
8.3 XRD Analysis .............................................................................................................................. 47 

CHAPTER 9 SONIC LOG RESPONSES AND HYDROCARBON PRODUCTION ............................. 54 
9.1 Methodology ................................................................................................................................ 54 
9.2 Sonic Log Responses ................................................................................................................... 54 
9.3 Hydrocarbon Production ............................................................................................................. 58 

CHAPTER 10 CONCLUSIONS ............................................................................................................... 66 
10.1 Conclusions ............................................................................................................................... 66 
10.2 Future Work .............................................................................................................................. 67 

REFERENCES CITED .............................................................................................................................. 69 

APPENDIX A USGS BERTHOUD BAMBINO TEST RESULTS ......................................................... 74 

APPENDIX B NOBLE ARISTOCRAT BAMBINO TEST RESULTS ................................................... 77 

APPENDIX C SM PATRIOT BAMBINO TEST RESULTS ................................................................... 82 

APPENDIX D BBC TALMADGE BAMBINO TEST RESULTS ........................................................... 85 
 
 



vi 

 
 

LIST OF FIGURES 

Figure 1.1 A map view of the major hydrocarbon fields in the Front Range region.  The          
  Wattenberg Field is the largest field found in northern Colorado.  The Silo Field is 
  shown in green in southeastern Wyoming.  A structure map of the top of the Niobrara 
  Formation is also shown. Contours are in feet (Sonnenberg, 2013). ................................. 2 

Figure 1.2 A schematic cross section of the Schmidt Hammer (Taylor and Appleby, 2006). ............ 4 

Figure 1.3 The Proceq Bambino.  The large LCD screen is shown as well as buttons for operation 
  and navigation through data and instrument settings (www.Proceq.com) ........................ 5 

Figure 2.1 An aerial view of the Western Interior Cretaceous (WIC) Seaway during the Late 
  Santonian.  The WIC Seaway stretched from the arctic to the Gulf of Mexico.  This 
  allowed for mixing of cool waters from the north and warm waters from the south 
  during  deposition of the Upper Cretaceous stratigraphy, including the Niobrara  
  Formation (Colorado Plateau Geosystems Inc. and Ronald Blakey) ................................ 7 

Figure 2.2 Cross-section of the asymmetrical Denver Basin.  The Front Range is located to the 
  west of the basin.  The Niobrara Formation is shown in dark blue and falls within both 
  the oil generation and biogenic gas accumulation zones.  The Carlile Shale underlies 
  the Niobrara Formation, and the Pierre Shale overlies it (Sonnenberg, 2013) .................. 8 

Figure 2.3 A map showing the structures bounding the Denver Basin.  The Front Range bounds 
  to the west. The Laramie Range and Hartville Uplift bound to the northwest.  The 
  Cambridge-Chadron Arch bounds to the northeast in Nebraska.  The Las Animas Arch 
  bounds to the southeast.  The Apishapa Uplift and Canon City Graben bound the basin 
  to the southwest (Modified from Weimer, 1960) .............................................................. 9 

Figure 2.4 A stratigraphic profile of the Upper Cretaceous rocks present in the Denver Basin.  
  The Niobrara Formation is divided into A, B, and C Chalk benches with associated 
  marl layers between.  These marls, as well as the Sharon Springs Member of the  
  Pierre Shale, serve as the source rock for the Niobrara Formation (Sonnenberg, 2013) . 10 

Figure 2.5 An isopach of the A Chalk in the Niobrara Formation.  The absence of the A Chalk 
  within areas of the pink shading indicates a paleohigh during deposition of the  
  overlying Pierre Shale.  The A chalk thickens to greater than 30 ft in the southwest 
  Wattenberg Field.  The red dashed line is the extent of producing wells in the  
  Wattenberg Field, totaling over 15,000.  The blue box outlines the Greater  
  Wattenberg Field as defined by the Colorado Oil and Gas Conservation   
  Commission. Contour values are in feet. The gray shaded area is the Front Range 
  (Sonnenberg, 2013) .......................................................................................................... 11 

Figure 2.6 An isopach map of the C Chalk of the Niobrara Formation.  The C Chalk thickens to 
  the northwest reaching thicknesses greater than 50 ft and thins to the southeast to as 
  low as 20 ft (Sonnenberg, 2013) ...................................................................................... 13 



vii 

Figure 2.7 An isopach map of the B Chalk of the Niobrara Formation.  The B Chalk thickens to 
  the southwest reaching thicknesses greater than 50 ft.  A northwest-southeast  
  trending thinning of the B Chalk is present in the center of the Wattenberg Field  
  (Sonnenberg, 2013) .......................................................................................................... 14 

Figure 2.8 A vitrinite reflectance contour map of the J Sandstone which is a result of the  
  geothermal anomaly underlying the GWA (Sonnenberg, 2013 modified from Higley 
  et al., 2003) ...................................................................................................................... 15 

Figure 4.1 Core location map showing all four cores used in this study.  The Berthoud State #3 
  core was taken near Berthoud, CO.  The Noble Aristocrat core was taken south of 
  Greeley, CO.  The SM Patriot core was taken east of Cheyenne, WY. The BBC  
  Talmadge core was taken southeast of Cheyenne, WY near the Colorado-Wyoming 
  border.  Cities are shown in gray ..................................................................................... 19 

Figure 4.2 USGS Berthoud core description showing chalk and marl benches, lithology,     
fractured zones, gamma ray (GR), resistivity (ILD), total organic carbon (TOC)     
wt.%, carbonate percentage (Carbonate %), and HLD values (Modified from     
Pollastro, 1992) ................................................................................................................ 20 

Figure 4.3 Noble Aristocrat core description showing chalk and marl benches, lithology, HLD 
values, bioturbation index, total organic carbon (TOC) wt.%, carbonate percentage 
(Carbonate %), and clay percentage (Clay %) (Modified from Elghonimy, 2015) ......... 21 

Figure 4.4 SM Patriot core description showing chalk and marl benches, lithology, bioturbation 
index, calcite percentage (Calcite %), clay percentage (Clay %), and HLD values 
(Modified from Finley, 2014) .......................................................................................... 22 

Figure 4.5 BBC Talmadge core description showing chalk and marl benches, lithology, 
bioturbation index, and HLD values ................................................................................ 24 

Figure 5.1 Chart shows the mean HLD values for data points taken horizontally across a core 
  sample.  Data points were fairly consistent across the core butts, but values increased 
  significantly towards the middle across core slab samples.  Data points taken on the 
  margins of core slab samples were notably lower and should not be used for  
  mechanical characterization of core (Ritz et al., 2014) ................................................... 26 

Figure 6.1 The GCTS RTR-1000 style triaxial deformation apparatus used for core plug testing  . 29 

Figure 6.2 Cross plots from triaxial core plug testing compared to corresponding HLD and sonic 
  travel time values. (a) UCS plotted against HLD values. This crossplot had the highest 
  relationship of any core plug-derived property with an R2 of 0.92. (b) UCS plotted 
  against sonic travel time in microseconds.  This cross plot had a very low relationship 
  with an R2 of 0.29. (c) Static Young’s modulus plotted against HLD values with an R2 
  of 0.74. (d) Static Young’s modulus plotted against sonic travel time in microseconds 
  with a low R2 of 0.30. (e) Static Poisson’s ratio plotted against HLD values with a low 
  R2 of 0.00. (f) Static Poisson’s ratio plotted against sonic travel time in microseconds 
  with a low R2 of 0.11 ....................................................................................................... 32 

 



viii 

Figure 6.3 Cross plots from wave velocity plug testing compared to corresponding HLD and 
  sonic travel time values. (a) CWV plotted against HLD values with a high R2 of 0.64. 
  (b) CWV plotted against sonic travel time in microseconds with a low relationship 
  with an  R2 of 0.30. The highest sonic travel time data point may be an outlier, and this 
  anomaly is exhibited in many of the sonic log crossplots.  If removed, the R2 values 
  would be even lower. (c) SWV plotted against HLD values with an R2 of 0.86. (d) 
  SWV plotted against sonic travel time in microseconds with a high R2 of 0.73. (e) 
  Dynamic Poisson’s ratio plotted against HLD values with a low R2 of 0.09. (f)  
  Dynamic Poisson’s ratio plotted against sonic travel time in microseconds with a low
  R2 of 0.44 ......................................................................................................................... 33 

Figure 6.4 Cross plots of dynamic core plug results compared to corresponding HLD and sonic 
  travel time values. (a) Dynamic Young’s modulus plotted against HLD values with a 
  high R2 of 0.81. (b) Dynamic Young’s modulus plotted against sonic travel time in 
  microseconds with an R2 of 0.57. As in Figure 6.3, the highest sonic travel time data 
  point may be an outlier, and this anomaly is exhibited in many of the sonic log  
  crossplots.  If removed, the R2 values would be lower. (c) Dynamic bulk modulus 
  plotted  against HLD values with a low R2 of 0.29. (d) Dynamic bulk modulus plotted 
  against  sonic travel time in microseconds with a low R2 of 0.04. (e) Dynamic shear 
  modulus plotted against HLD values with a high R2 of 0.85.  (f) Dynamic Poisson’s 
  ratio plotted against sonic travel time in microseconds with an R2 of 0.69 ..................... 34 

Figure 6.5 A mechanical stratigraphic profile created in Strater using relationships established 
  from core plug test results and HLD values.  HLD, UCS, ES, CWV SWV, ED, and GD 
  are all shown in the figure.  As all of these properties’ relationships were dependent 
  on HLD values, the signature of each log looked similar.  The core was then  
  subdivided based on relative brittleness on the far right-hand side of the figure.  From 
  this classification, the B Chalk appeared to have a higher brittleness than the C Chalk, 
  and would be expected to allow for greater fracture propagation ................................... 36 

Figure 7.1 A cross section created in Petra displaying sonic log in black and gamma ray in red 
(Track 1) and HLD values (Track 2).  Logs were hung on the top of the A Chalk in   
each well.  Track 1 values were flipped to account for the inverse relationship     
between sonic logs and HLD values.  The D Chalk was not present in the Talmadge   
and Patriot cores.  Sonic logs were depth shifted to mimic the signature of the HLD   
logs ................................................................................................................................... 38 

Figure 7.2 An example of highly shattered samples from the Noble Aristocrat core.  Any data 
  points that were collected from this interval were discarded during post-collection 
  data clean up .................................................................................................................... 39 

Figure 7.3 Cross plots from the USGS Berthoud core exhibiting higher R2 values from chalks 
  (0.42) than marls (0.16).  The data points are scattered, but a clear inverse relationship 
  can be identified, as expected. The decrease in sonic travel time is a result of more 
  competent rock, which would also yield an increase in HLD values .............................. 40 

Figure 7.4 Cross plots from the Noble Aristocrat core exhibiting higher R2 values from chalks 
  (0.58) than marls (0.09).  The R2 of chalks and marls combined is high in this  
  crossplot due to extremely brittle samples shown in the upper left hand corner of 7.4a . 41 



ix 

Figure 7.5 Cross plots from the SM Patriot core exhibiting higher R2 values from marls (0.27) 
  than chalks (0.09).  There is no clear relationship from any of the three cross plots.  It 
  should be noted that this dataset was collected from core butts not core slabs like the 
  other three cores, and that testing interval was increased from 6 in to 12 in as it was 
  expected to correlate better with sonic log resolution ..................................................... 42 

Figure 7.6 Cross plots from the BBC Talmadge core exhibiting higher R2 values from chalks 
  (0.53) than marls (0.23) ................................................................................................... 43 

Figure 8.1 Calcium concentrations from XRF analysis cross-plotted against HLD values and    
sonic travel times.  A consistently weak relationship between calcium concentrations  
and HLD values were exhibited in chalks and marls.  However, an extremely weak 
relationship with sonic log values in chalks significantly increased in marls ................. 46 

Figure 8.2 Silicon concentrations from XRF analysis cross-plotted against HLD values and sonic 
travel times.  A weak relationship between silicon concentrations and HLD values     
was exhibited in marls.  The relationship increased five-fold when cross plotted in 
chalks.  Again, extremely weak relationship with sonic log values in chalks increased 
significantly in marls ....................................................................................................... 47 

Figure 8.3 Titanium concentrations from XRF analysis cross-plotted against HLD values and   
sonic travel times.  A weak relationship between titanium concentrations and HLD 
values was exhibited in marls.  The relationship significantly increased when cross 
plotted in chalks.  Again, extremely weak relationship with sonic log values in chalks 
increased drastically in marls ........................................................................................... 48 

Figure 8.4 Cross plot between mineralogy from XRD analysis and HLD values for the entire    
BBC Talmadge core showing very weak relationships for all mineral assemblages.  R2 
values for each mineral are given under their respective trendline ................................. 49 

Figure 8.5 Cross plot between mineralogy from XRD analysis and HLD values for chalks of the 
BBC Talmadge core showing very weak relationships for all mineral assemblages.  R2 
values for each mineral are given under their respective trendline ................................. 50 

Figure 8.6 Cross plot between mineralogy from XRD analysis and HLD values for marls of the 
BBC Talmadge core showing very weak relationships for all mineral assemblages.  R2 
values for each mineral are given under their respective trendline ................................. 51 

Figure 8.7 Cross plot between mineralogy from XRD analysis and sonic travel time values for     
the entire BBC Talmadge core showing moderate relationships for all mineral 
assemblages.  Calcite and total carbonate concentrations show an inverse relationship 
with sonic values.  Quartz and total clay concentrations show a direct relationship     
with sonic values.  R2 values for each mineral are given under their respective    
trendline ........................................................................................................................... 51 

Figure 8.8 Cross plot between mineralogy from XRD analysis and sonic travel time values for 
marls of the BBC Talmadge core showing very strong relationships for all mineral 
assemblages.  Calcite and total carbonate concentrations show a clear inverse 
relationship with sonic values.  Quartz and total clay concentrations show a strong  



x 

direct relationship with sonic values.  R2 values for each mineral are given under their 
respective trendline .......................................................................................................... 52 

Figure 8.9 Cross plot between mineralogy from XRD analysis and sonic travel time values for 
chalks of BBC Talmadge core showing very weak relationships for all mineral 
assemblages. R2 values for each mineral are given under their respective trendline ...... 52 

Figure 8.10 Cross plot shows a strong relationship between sonic travel time values and  
  brittleness index values, which were calculated from Eq. 3.6 ......................................... 53 

Figure 9.1 Map shows the 26 available quality well logs within the study area.  The cities of  
  Greeley and Fort Collins are labeled for reference.  Data density is very low  
  across the study area with the highest density around west-southwest of Greeley ......... 55 

Figure 9.2 Map shows the median sonic log response for B and C Chalks of the Niobrara  
Formation from the 26 wells in the dataset.  Fast sonic log responses trend along the 
center of the Wattenberg Field.  A significant drop in sonic log response values is    
noted in the southwest portion of the study area around T3N R67W.  Moderate sonic  
log responses are shown moving northward to Wyoming. Least squares gridding  
method was used.  The black polygon delineates the extent of the study area ................ 56 

Figure 9.3 Map shows the fastest 20th percentile of sonic log response for B and C Chalks of the 
Niobrara Formation from the 26 wells in the dataset.  Trends are similar to those     
found in Figure 9.2 with the fastest values occurring in the center of the Wattenberg 
Field, and the significant drop in response values is still present in T3N R67W. Least 
squares gridding method was used.  The black polygon delineates the extent of the   
study area ......................................................................................................................... 57 

Figure 9.4 Map shows the well data density of initial production (IP) tests for the B and C chalks  
of the Niobrara Formation.  Data density is very high in the central, southern, and 
western portions of the study area.  The black box outlines the extent of the study area 59 

Figure 9.5 Map shows the initial production (IP) test results for B and C chalks of the Niobrara 
Formation from the wells shown in Figure 9.4.  The highest IP results occur in the 
northwest section of the study area, with some high values also located in the central 
Wattenberg Field.  Average IP values are noted in T3N R67W, where the drop in     
sonic log response was located ........................................................................................ 60 

Figure 9.6 Map shows the well data density of first year production (FYP) values for the B and      
C chalks of the Niobrara Formation.  Data density is very high in the central,      
southern, and western portions of the study area.  The black box outlines the extent of 
the study area ................................................................................................................... 61 

Figure 9.7 Bubble map shows first year oil production from B and C chalks of the Niobrara 
Formation from vertical wells within the study area.  The major producers are shown    
in red while smaller producers are shown in green and purple.  Major oil producers      
are located around the margins of the Wattenberg Field as the center of the field is 
mainly within the oil window .......................................................................................... 62 



xi 

Figure 9.8 Bubble map shows first year gas production from B and C chalks of the Niobrara 
Formation from vertical wells within the study area.  The major producers are shown    
in red while smaller producers are shown in green and purple.  Major gas producers    
are located at the center of the Wattenberg Field as expected. Only four major oil 
producers are located outside the center of the study area .............................................. 63 

Figure 9.9 Bubble map shows first year total barrel of oil equivalent (BOE) production from B    
and C chalks of the Niobrara Formation  vertical wells within the study area.  The    
major producers are shown in red while smaller producers are shown in green and 
purple.  Major BOE producers are located at the center of the Wattenberg Field as 
expected.  Only two major oil producers are located outside the center of the study    
area. Major producers exhibit a northeast-southwest trend. However, this trend ends   
near T3N R67W ............................................................................................................... 64 

Figure 9.10 Bubble map shows first year total barrel of oil equivalent (BOE) production from B    
and C chalks of the Niobrara Formation from vertical wells within the study area with 
sonic log response contours overlain.  This figure shows that major BOE producers      
are located within the fast sonic log response contours and follow the northeast-
southwest trend.  The bull’s eye of slow sonic log responses in 3N 67W only contains 
one major BOE producer ................................................................................................. 65 

  



xii 

LIST OF TABLES 

Table 6.1 Core plug testing results. Each sample’s ID, depth, lithology, unconfined  compressive 
strength (UCS), static Young’s modulus (ES), static Poisson’s ratio (vS), compressive 
wave velocity (CWV), shear wave velocity (SWV), dynamic Young’s modulus (ED), 
dynamic Poisson’s ratio (vD), dynamic bulk modulus (KD), and dynamic shear    
modulus (GD) are listed. ................................................................................................... 30 

Table 7.1 Equations for HLD-Sonic Log relationships ................................................................... 44 
 
 
 
 
 
 
   



xiii 

LIST OF SYMBOLS 

CCS ........................................................................................................ Confined compressive strength, psi 

CWV .................................................................................................... Compressional wave velocity, ft/sec 

E .......................................................................................................................... Young’s modulus, x106 psi 

ED ........................................................................................................ Dynamic Young’s modulus, x106 psi 

ES ............................................................................................................... Static Young’s modulus, x106 psi 

G .............................................................................................................................. Shear modulus, x106 psi 

GD ............................................................................................................. Dynamic shear modulus, x106 psi 

HLD ....................................................................................................................... Leeb’s Hardness, unitless 

K ................................................................................................................................ Bulk modulus, x106 psi 

KD ............................................................................................................... Dynamic bulk modulus, x106 psi 

Ρ ................................................................................................................................................. Pressure, psi 

SWV .................................................................................................................... Shear wave velocity, ft/sec 

UCS .................................................................................................... Unconfined compressive strength, psi 

VI ................................................................................................................................. Impact velocity, ft/sec 

VR ............................................................................................................................. Rebound velocity, ft/sec 

γ ..................................................................................................................................... Shear strain, unitless 

!!"#!$ ..................................................................................................................................... Axial stress, psi 

!!"#!$ ............................................................................................................................. Axial strain, unitless 

!!"#$"% .......................................................................................................................... Radial strain, unitless 

! !"#$%&'()*  ............................................................................................................ Volumetric strain, unitless 

τ ............................................................................................................................................. Shear stress, psi 

v ................................................................................................................................ Poisson’s ratio, unitless 

vD ............................................................................................................... Dynamic Poisson’s ratio, unitless 

vS ..................................................................................................................... Static Poisson’s ratio, unitless 
 
  



1 

CHAPTER 1 

INTRODUCTION 

 As hydrocarbon prices have risen due to increased demand both globally and domestically, 

unconventional reservoirs have become economically viable sources of oil and natural gas.  These 

reservoirs, primarily located in low-porosity shaly units, present different drilling and well completion 

challenges than conventional reservoirs. Unconventional reservoirs are commonly produced by utilizing 

horizontal drilling and hydraulic fracturing.  To drill a horizontal well and stimulate a successful 

hydraulic fracture, the well and fracture design must account for variations in lithologic and mechanical 

properties.   

 The Niobrara Formation, found in parts of Colorado, Wyoming, Nebraska, and Kansas, is one of 

the largest producing unconventional reservoirs in the United States. The majority of hydrocarbon 

production from the Niobrara comes from the Denver Basin (Figure 1.1), particularly the Wattenberg 

Field. The Niobrara is made up of two members: the Fort Hays Limestone Member and the overlying 

Smoky Hill Member.  The Smoky Hill is the main producing member and consists of subsequent chalk-

marl transgressive-regressive cycles. Within Smoky Hill, these cycles cause highly variable lithological 

and mechanical properties, which make unconventional reservoir stimulation and optimization more 

difficult.  

 One of the largest problems in Niobrara datasets, and unconventional reservoirs in general, is 

low-resolution, or lack thereof, mechanical datasets. Mechanical testing has traditionally been conducting 

using core plug sampling.  Core plug sampling, however, is low-resolution, expensive, destructive, and 

unrepeatable which makes it less than ideal for data collection and Mechanical analysis.   

 The Proceq Bambino is a micro-rebound hammer that allows for high-resolution, non-destructive 

sampling.  The Bambino records measurements in Leeb Hardness (HLD) units. HLD measurements can 

be related to traditional mechanical properties such as brittleness, unconfined compressive strength 

(UCS), and confined compressive strength (CCS).  This type of testing allows for a high-resolution 

mechanical stratigraphic profile to be constructed even in highly variable units, such as the Smoky Hill.   
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Figure 1.1: A map view of the major hydrocarbon fields in the Front Range region.  The Wattenberg Field 
is the largest field found in northern Colorado.  The Silo Field is shown in green in southeastern 
Wyoming.  A structure map of the top of the Niobrara Formation is also shown. Contours are in feet 
(Sonnenberg, 2013). 
  

 Producing hydrocarbons from unconventional reservoirs became feasible with improved 

hydrocarbon prices and advancements in technology, namely horizontal drilling and multistage hydraulic 

fracturing, or “fracking.”  These two technological breakthroughs increased the reservoir connectivity by 

orders of magnitude when compared to traditional vertical drilling.  Fracking has allowed for multiple 

sections along a horizontal well to be stimulated. Understanding mechanical properties in unconventional 

reservoirs is crucial to optimizing hydraulic fracture stimulation.  Fracking is a well-stimulation process 

in which rock is fractured by pumping a mixture of water, sand, and chemicals at very high pressures into 

the wellbore.  The rock surrounding the borehole in an unconventional reservoir must be brittle enough to 

initiate and propagate a fracture under the induced pressure.  If the surrounding rock is too ductile, it will 

absorb the energy from pressure increases.  This will cause deformation of the wellbore, and no fracture 

will be initiated.  Bambino testing will provide accurate brittleness and other mechanical properties 
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through a non-destructive, inexpensive procedure. Mechanical data can then be extrapolated away from 

the cored well bores using adjacent sonic logs and compared to production data across an oil field to 

identify a relationship between favorable mechanical properties and increased production. This high-

resolution dataset of mechanical properties and subsequent modeling can increase the efficiency of 

drilling locations, reservoir stimulation, and reservoir production. 

1.1  Purpose and Significance 

 This study was conducted in response to the lack of high-resolution mechanical analysis for shale 

reservoirs. The Niobrara was chosen for this study because of its economic significance and the 

availability of core and log data.  Although many shale beds appear similar, their mechanical properties 

vary greatly.  An accurate mechanical stratigraphic profile can help differentiate between productive and 

non-productive shale reservoirs (Miskimins, 2012).   

 Rebound hammers and micro-rebound hammers have been used for characterizing mechanical 

properties of various materials since the 1950s.  Ernst Schmidt, a Swiss engineer, invented the most 

widely used rebound hammer, the Schmidt Hammer (Figure 1.2), in 1954.  The Schmidt Hammer was 

initially used for in-situ concrete measurements.  During testing, the hammer is pressed against a flat 

surface, and the hammer is drawn back along the guide bar. When released, the hammer strikes the impact 

spring and plunger. The hammer mass is then rebounded up the guide bar, and the height or distance of 

that rebound is recorded through the viewing window.  Relationships between Schmidt rebound values 

and mechanical properties of rock have been established by various authors (Aydin and Basu, 2005; 

Sharma et al., 2010; Taylor and Appleby, 2006; Yagiz, 2009, Zahm and Enderlin, 2010). Previously 

established mechanical property relationships include unconfined compressive strength (UCS), confined 

compressive strength (CCS), Poisson’s ratio (v), Young’s Modulus (E), and brittleness. 

 Following decades of improvements to the original Schmidt Hammer design, the manufacturer, 

Proceq, released the Equotip Bambino (Figure 1.3). The Bambino is an all-in-one, digital micro-rebound 

hammer, which operates on the same principle as the original Schmidt Hammer.  The smaller size and 

lower impact velocity allows the Bambino to gather high-resolution data without destroying core samples.  
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The non-destructive nature of this data collection is key for industry testing due to the scarcity of cores.  

Low cost, repeatability, and high-resolution testing patterns made the Bambino an ideal tool for gathering 

mechanical data.  As previously mentioned, the Bambino records rebound data in HLD measurements.  

HLD measurements are defined by the following equation: 

!"# ! !
! !

! !
           (1.1) 

       

 HLD measurements are unitless. Like Schmidt rebound numbers, HLD measurements are 

valuable because they have been related to other, more conventional mechanical properties, such as 

brittleness.  The degree of brittleness, as defined by Miskimins (2012), is indicative of the fracture 

potential and conductivity within a given shale reservoir.  In addition to the HLD relationship with other 

mechanical properties, a relationship between HLD measurements and sonic logs was identified during 

this study.  This relationship can be extrapolated throughout the basin, where sonic logs are available, to 

predict mechanical properties without having to take core. 

 
Figure 1.2:  A schematic cross section of the Schmidt Hammer (Taylor and Appleby, 2006). 
 

 For accurate mechanical data studies, core must be collected. Cored intervals are often scarce due 

to the high cost of acquisition, storage, and analysis.  Scarcity of cores has resulted in a lack of adequate 

mechanical characterization of the Niobrara.  Using the relationship between HLD values and sonic logs, 

a minimum of two cores would be needed to construct a map for any of the mechanical properties that 

have an established relationship with HLD measurements.   
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Figure 1.3:  The Proceq Bambino.  The large LCD screen is shown as well as buttons for operation and 
navigation through data and instrument settings (www.Proceq.com). 
 

 The significance of this study is that it fills in a data gap in the Niobrara and introduces a new 

method to extrapolate mechanical data away from cored intervals.  Extrapolated mechanical data results 

in a better understanding of regional and local mechanics. These methods could be easily implemented in 

industry, and they could potentially save companies a significant amount of money by improving well 

planning and fracture design.   

1.2  Objectives 
 
 The objective of this study is to increase the amount and quality of mechanical data in the 

Niobrara dataset. This study will (1) demonstrate the repeatability, accuracy, and precision of the Proceq 

Bambino in core testing; (2) establish empirical relationships between HLD values and UCS, CCS, 

brittleness, Poisson's ratio, Young's Modulus, and sonic log signature; (3) add a high-resolution 

mechanical stratigraphy profile of the four Niobrara cores provided for this study; (4) verify that 

mechanical data gathered by Bambino testing is correlative between wellbores through empirical 

equations and well log interpretation; (5) demonstrate that mechanical properties can be estimated for a 

given well location using surrounding well logs and a baseline Bambino dataset; (6) construct a map of 

the Wattenberg field illustrating mechanical properties across the field; and (6) show the relationship 

between extrapolated mechanical properties and production from the Niobrara.    
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CHAPTER 2 

GEOLOGY 

 This chapter will discuss the location and depositional history of the Western Interior Cretaceous 

Basin and the Denver Basin.  It will also include a stratigraphic overview of the Niobrara Formation in 

the Rocky Mountain region. A summary of the Niobrara Petroleum System, including reserve and 

production estimates within the Wattenberg Field, will conclude the chapter. 

 
2.1 Western Interior Cretaceous Basin and the Denver Basin 
 
 The Western Interior Cretaceous (WIC) Seaway was an epicontinental seaway that was present 

across the western portion of North America (Figure 2.1) from the Mid-to-Late Jurassic to Late 

Cretaceous time. The WIC Basin formed due to flexural subsidence caused by Mid-to-Late Cretaceous 

Sevier Orogeny (Pang and Nummedal, 1995). Thrusting, intermittent rapid subduction, shallow mantle 

flow, and syn-orogenic sediment loading resulted in subsidence of the foreland basin (Sonnenberg, 2013). 

At its widest, the WIC Basin extended from the Sevier Orogenic Belt in present day Utah in the west to 

the stable cratonic zone in present day Kansas to the east (Kauffman, 1977). During the Late Cretaceous 

to Early Tertiary Laramide Orogeny, the WIC Basin was divided into the present-day Rocky Mountain 

basins, including the Denver, Piceance, and Uinta basins (Sonnenberg, 2013). 

 Similar to the encompassing WIC Basin, the Denver Basin (Figure 2.2) is an asymmetric basin. 

The western flank of the Denver Basin along the Front Range Uplift in central Colorado is steeply 

dipping and exhibits folding and faulting, while the eastern flank has a lowly westerly dip of 0.5˚ into 

Kansas and Nebraska. It spans north to south from central Wyoming and Nebraska to central Colorado 

(Weimer, 1996).  The Hartville Uplift and Cambridge-Chadron Arch bound the Denver Basin to the north 

(Figure 2.3), while bounded by Las Animas Arch and Apishapa Uplift to the south (Weimer et al., 1986). 

The Denver Basin is a structural basin, where formations were downwarped after deposition and burial 

had occurred due to the Laramide Orogeny.  Precambrian basement rocks are igneous and metamorphic.  

There is approximately 13,000 ft of stratigraphic section, of which approximately 7600 ft  
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is classified as marine Upper Cretaceous.  The remaining rocks are Late Paleozoic, Mesozoic, and lower 

Tertiary (Weimer, 1996).  This study focuses on the Upper Cretaceous Niobrara Formation of the Denver 

Basin. 

 

Figure 2.1: An aerial view of the Western Interior Cretaceous (WIC) Seaway during the Late Santonian.  
The WIC Seaway stretched from the arctic to the Gulf of Mexico.  This allowed for mixing of cool waters 
from the north and warm waters from the south during deposition of the Upper Cretaceous stratigraphy, 
including the Niobrara Formation (Colorado Plateau Geosystems Inc. and Ronald Blakey).  
 
2.2 Stratigraphy 
 
 The Cretaceous stratigraphic section (Figure 2.4) of the Denver basin is well studied from 

outcrop, core, and log data (Weimer et al., 1986).  Cretaceous rocks of the Denver Basin are mostly 

composed of marine sediment (Weimer, 1960).  Marine shale, siltstone, sandstone, and limestone 

comprise most of the lower 900 ft of the stratigraphic section, although the Dakota Group consists of both 
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marine and non-marine sediments (Weimer et al., 1986). 

 
Figure 2.2:  Cross-section of the asymmetrical Denver Basin.  The Front Range is located to the west of 
the basin.  The Niobrara Formation is shown in dark blue and falls within both the oil generation and 
biogenic gas accumulation zones.  The Carlile Shale underlies the Niobrara Formation, and the Pierre 
Shale overlies it (Sonnenberg, 2013). 
 
2.2.1 Niobrara Formation 
 
 The Late Turonian to Early Campanian Niobrara Formation consists of two members: the Fort 

Hays Limestone and the Smoky Hill Member.  Resulting from differing sedimentation rates (Weimer, 

1978) and unconformities located at the base and top of the Niobrara Formation, its thickness ranges from 

100 to 300 ft on the eastern flank of the WIC Basin to over 1500 ft on the western flank (Weimer et al., 

1996; Leroy and Schieltz, 1958).  The Fort Hays Limestone is one of the purest chalk units in the WIC 

Basin, containing approximately 94% calcium carbonate, and ranges in thickness from 10 ft in southeast 

Wyoming to 50 ft in southeast Colorado.  The Smoky Hill Member consists of six to eight lithologic 

units: D Marl, D Chalk, C Marl, C Chalk, B Marl, B Chalk, A Marl, and A Chalk with the D Marl and D 

Chalk absent in many areas (Sonnenberg, 2013).  Marine fossils, mostly deep neritic deposits, are found 

in all units of the Niobrara Formation (Weimer et al. 1996).  
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Figure 2.3:  A map showing the structures bounding the Denver Basin.  The Front Range bounds to the 
west. The Laramie Range and Hartville Uplift bound to the northwest.  The Cambridge-Chadron Arch 
bounds to the northeast in Nebraska.  The Las Animas Arch bounds to the southeast.  The Apishapa 
Uplift and Canon City Graben bound the basin to the southwest (Modified from Weimer, 1960). 
 

 The Niobrara Formation unconformably overlies the Codell Sandstone Member of the Carlile 

Shale (Locklair and Sageman, 2008) and was deposited during the second widespread transgression of the 

WIC Seaway (Weimer, 1960).  The Pierre Shale overlies the Niobrara Formation (Locklair and Sageman, 

2008).  Mixing of cooler water from the Arctic region and warmer water from the paleo-Gulf of Mexico 

along with changes in sea level influenced deposition of the Niobrara Formation in the WIC Basin 

(Longman et al., 1998).  Carbonate flora were abundant in warm Gulf of Mexico waters, while cool 

Arctic waters and siliciclastic influx from the Sevier Orogeny to the west slowed carbonate production 

and deposition.  For this reason, the Niobrara Formation is chalkier in the eastern portion of the WIC 

Basin, specifically the Denver Basin (Sonnenberg, 2013).   

 High carbonate content within the Smoky Hill Chalk is due to abundant coccolith-rich fecal 

pellets (Hattin, 1981).  However, the calcium carbonate content ranges from 35-75 wt.% throughout the 
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chalk-marl cycles due to the presence of terrigenous mud.  For comparison, the Fort Hays Limestone has 

calcium carbonate contents ranging from 90-95% wt.%  (Locklair and Sageman, 2008). The chalks are 

thought to be a result of high sea levels and warm waters from the Gulf of Mexico creating normal marine 

salinities with oxygen-rich bottom waters (Kaufmann, 1977; Barlow, 1985).  The marly intervals are 

thought to represent periods of lower sea levels. Lower sea levels likely increased clastic sedimentation 

rates from the Sevier Orogeny to the west (Kauffman, 1977).  An increase in fresh-water runoff due to 

increased precipitation may have contributed to organic rich marl deposition by creating a water cap and 

anoxic to dysoxic conditions at the base of the water column (Barlow, 1985).   

 
Figure 2.4:  A stratigraphic profile of the Upper Cretaceous rocks present in the Denver Basin.  The 
Niobrara Formation is divided into A, B, and C Chalk benches with associated marl layers between.  
These marls, as well as the Sharon Springs Member of the Pierre Shale, serve as the source rock for the 
Niobrara Formation (Sonnenberg, 2013). 
  
2.2.1.1 Niobrara Structure 

 The Niobrara Formation is highly faulted within the Denver Basin (Davis, 1985).  These fault 

systems are interpreted as wrench, listric, slump, and polygonal by various authors (Weimer, 1996; 
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Sonnenberg and Underwood, 2013).  Fractures from fault systems, differential compaction, basement 

tectonics, and Permian-aged salt dissolution increases storage capacity and deliverability of hydrocarbons 

within the Niobrara Formation (Thomas, 1992; Svoboda, 1995; Oldham, 1996; Welker et al., 2013).  Due 

to the absence of the A Chalk in a southern portion of the Wattenberg Field (Figure 2.5), Weimer and 

others (1996) characterize the Wattenberg field as a paleohigh during the deposition of the overlying 

Pierre Shale.  This theory is reinforced by micro-paleontological work from LeRoy and Schieltz (1958), 

which identified an unconformity at the Niobrara-Pierre contact.   

 
Figure 2.5:  An isopach of the A Chalk in the Niobrara Formation.  The absence of the A Chalk within 
areas of the pink shading indicates a paleohigh during deposition of the overlying Pierre Shale.  The A 
chalk thickens to greater than 30 ft in the southwest Wattenberg Field.  The red dashed line is the extent 
of producing wells in the Wattenberg Field, totaling over 15,000.  The blue box outlines the Greater 
Wattenberg Field as defined by the Colorado Oil and Gas Conservation Commission. Contour values are 
in feet. The gray shaded area is the Front Range (Sonnenberg, 2013). 
 

2.3 Niobrara Total Petroleum System 

 Magoon and Dow (1994) defined a petroleum system as the relationship between a source rock 

and its associated oil and gas fields. The Niobrara Formation within the Denver Basin is a large, self-
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sourcing producer of hydrocarbons.  This section will discuss source rocks, reservoir rocks, petrophysical 

characteristics, thermal anomalies, production numbers, and reserve estimates which make up the 

Niobrara Petroleum System. 

2.3.1 Source Rocks, Seals, and Reservoir Rocks 

 The source rocks within the Niobrara Formation are the marl units, and they can be identified by 

characteristic high gamma ray values on logs (Sonnenberg and Weimer, 1993; Smagala et al., 1984).  

Gustason and Deacon (2010) report average TOC contents for the C Marl, B Marl, and A marl as 4.4 

wt.%, 3.5 wt.%, and 5.8 wt.%, respectively.  Marls within the Niobrara Formation act as a seal between 

reservoir rocks. Chalk benches function as reservoir rocks for the Niobrara petroleum system.  The chalks 

exhibit porosities ranging from 7 to 10%. However, porosity values of greater than 50% were present in 

chalks prior to dewatering, mechanical compaction, chemical compaction, grain and fossil breakage, re-

orientation, and grain-to-grain dissolution with local reprecipitation during burial diagenesis (Precht and 

Pollastro, 1985; Sonnenberg, 2013).  Due to low porosities and permeabilities at depth, fracture networks 

are crucial to reservoir performance (Figure 2.7).  Kerogen in the Niobrara Formation is characterized as 

sapropelic oil-prone Type-II kerogen  (Sonnenberg, 2013).  

 The C Chalk reservoir ranges from 30 to 50 ft in thickness across the Wattenberg field (Figure 

2.6; Sonnenberg, 2013).  Gustason and Deacon (2010) report petrophysical analysis of approximately 

80% carbonate content, 2.7 wt. % TOC content, and 8.3% porosity.  The B Chalk reservoir ranges from 

less than 20 to greater than 50 ft in thickness across the Wattenberg Field (Figure 2.7). Thick intervals of 

B Chalk overlie thin intervals of C Chalk, suggesting that compensatory sedimentation controlled 

thickness of the B Chalk (Sonnenberg, 2013).  Gustason and Deacon (2010) report petrophysical analysis 

of 73% carbonate content, 2.8 wt. % TOC content, and 9.2% porosity.  The A Chalk reservoir ranges 

from 0 to greater than 30 ft in thickness across the Wattenberg field (Figure 2.5) with thin areas being 

attributed to erosion of a paleohigh (Sonnenberg, 2013; Weimer and Sonnenberg, 1982).  Gustason and 

Deacon (2010) report petrophysical analysis of 82% carbonate content, 2.1 wt. % TOC content, and 9.1% 

porosity.  
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Figure 2.6:  An isopach map of the C Chalk of the Niobrara Formation.  The C Chalk thickens to the 
northwest reaching thicknesses greater than 50 ft and thins to the southeast to as low as 20 ft 
(Sonnenberg, 2013).  
 
2.3.2 Thermal Anomaly and Hydrocarbon Generation 

 Both the Wattenberg and Silo fields are located along the deepest parts of the synclinal Denver 

Basin axis.  A thermal anomaly, an unusually high temperature gradient, due to the Colorado Mineral Belt 

is present along the basin axis.  The thermal anomaly led to thermal maturation, which allowed for 

hydrocarbon generation.  The “hot spot” is illustrated by vitrinite reflectance values of the J Sandstone 

(Figure 2.8, Higley et al., 2003).  Higley and others (2003) and Meyer and McGee (1985) have suggested 

that the hot spot can be related to heat from igneous intrusions in basement rock faults along the Colorado 

Mineral Belt.  Hydrocarbon generation within Cretaceous source rocks is estimated to have begun during 

the Late Cretaceous after Pierre Shale deposition (MacMillan, 1980).  Types of hydrocarbons found in the 

Niobrara Formation include oil, condensate, and deep thermogenic and shallow biogenic gas 

(Sonnenberg, 2013; Sonnenberg, 2011).  Oil found in the Niobrara Formation is characterized by Clayton 

and Swetland (1980) as indigenous due to sulfur isotope studies.   
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Figure 2.7:  An isopach map of the B Chalk of the Niobrara Formation.  The B Chalk thickens to the 
southwest reaching thicknesses greater than 50 ft.  A northwest-southeast trending thinning of the B 
Chalk is present in the center of the Wattenberg Field (Sonnenberg, 2013). 
 
2.3.3 Hydrocarbon Production and Reserve Estimates 

 Between the two oil fields included in this study, tens of thousands of wells have been drilled for 

hydrocarbon production.  Horizontal and vertical wells are present in both fields, with the majority being 

stimulated by fracking.   

2.3.3.1  Wattenberg Field 

 With over 30,000 wells, the Wattenberg Field is largest producing field within the Denver Basin 

and has been in operation since 1970.  Recent advancements in hydraulic fracturing technology has made 

the Niobrara Formation economically feasible and increased recovery within the Wattenberg Field. Initial 

production from the Niobrara Formation ranges from 300 to 700 barrels oil equivalent (BOE) per day 

with ultimate recovery estimates ranging from 300,000 to 600,000 BOE.  Four billion barrels oil 

equivalent (BBOE) is the total resource estimate for the Niobrara Formation within the Wattenberg Field 

(Sonnenberg, 2013).   
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2.3.3.2  Silo Field 

 The smaller Silo Field in southeastern Wyoming has been producing from the Niobrara 

Formation since 1983.  A total of 10.8 million barrels of oil (MMBBLS) and 9,751 million cubic feet of 

gas (MMCFG) have been produced from the Silo Field with peak production occurring in 1994 (Welker 

et al., 2013).  Initial production from the Niobrara Formation ranges from 500 to 2000 barrels of oil 

(BBL) per day.  The estimated ultimate recovery from existing wells in the Silo Field is 11.5 million 

barrels of oil (MMBO).  

 
Figure 2.8: A vitrinite reflectance contour map of the J Sandstone which is a result of the geothermal 
anomaly underlying the GWA (Sonnenberg, 2013 modified from Higley et al., 2003). 
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CHAPTER 3 

GEOMECHANICS 

 This chapter will provide an overview of the mechanical properties used in this study and 

isotropy and anisotropy. 

3.1  Geomechanics 
 
 Mechanical properties are important to determining the economic feasibility of an unconventional 

reservoir due to production being dependent on fracture stimulation.  These properties will indicate 

whether or not hydraulic fractures will be initiated and create a long lasting fracture network (Grieser and 

Bray, 2007).  Published data on the elastic properties is very limited (Abousleiman et al., 2007; Kumar et 

al., 2012; Sondergeld et al., 2010), and as unconventional reservoirs tend to be highly variable, 

mechanical properties are unlikely to be consistent between different reservoirs. 

 A successful hydraulic fracture depends on mechanical properties, in situ stress field, and 

formation pressures.  Stimulated fractures propagate in the plane of the two highest principal stresses and 

will open in the direction of the principal stress (Economides and Nolte, 2000).  When overburden stress 

is the maximum principal stress, a normal stress regime, fractures will open in the direction of minimal 

horizontal stress while propagating in the maximum horizontal stress direction.   

 
3.1.1 Mechanical Properties 
  
 There are several basic mechanical properties, which indicate how rock will behave and respond 

under stress (Fjaer et al., 2009; Mavko et al., 2003).  Young’s modulus (E) characterizes a material’s 

ability to resist yielding due to stress applied in the same direction.  In fracture stimulation, a high E value 

would indicate that the rock would yield minimally under stress and result in failure, or fracture 

propagation, under relatively low stress.  

 
! ! !

! !"#!$

! !"#!$
          (3.1) 

 
 Poisson’s ratio (v) characterizes how much a material will expand in one direction in response to 
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stress applied in a perpendicular direction.  A low Poisson’s ratio is ideal for fracture stimulation because 

it indicates that stress from inside the wellbore will not be dispersed tangentially to the direction of 

fracture propagation. 

 
! ! ! !

! !"#$"%

! !"#!$
          (3.2) 

 
 Shear modulus (G) characterizes a material’s resistance to shearing.  Like Young’s modulus, 

shear modulus is an elastic property, and a high shear modulus is ideal for fracture propagation, as rock 

would fail under lower stresses. 

 
! ! !

!

!
           (3.3) 

 
 Bulk modulus (K) characterizes a material’s resistance to compression under hydrostatic 

pressures.  A high bulk modulus is idea for fracture propagation, as the rock would not deform under 

hydraulic pressures from the wellbore. 

 
! ! !

!
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          (3.4) 

 
 Poisson’s ratio is unitless, and all other moduli are given as force per area.  
 
 Brittleness, in this study, is defined as Young’s modulus divided by Poisson’s ratio. 
 
!"#$$%&'&((! !

!

!
         (3.5) 

 
 Brittleness has also been defined as a function of mineralogical composition by Jarvie et al. 

(2007) in the Barnett Shale. 
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       (3.6) 

 
3.1.2 Isotropy and Anisotropy 
 
 Isotropic materials, such as a rock or a mineral, have mechanical properties that are independent 

of direction.  In other words, the mechanical behavior of a material will not change regardless of 

orientation to stress (Mavko et al., 2003).  Mechanical properties of anisotropic materials are dependent 
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on direction.  As unconventional reservoirs tend to be layered in nature, they are anisotropic, mainly in 

the vertical direction, although horizontal or transverse anisotropy may also be present (Fjaer et al., 2009; 

Mavko et al., 2003; Zoback, 2007). Bedding parallel microcracks resulting from hydrocarbon generation, 

platy minerals such as micaceous clays, kerogen, and pore geometry may also cause anisotropy within 

rocks (Vernick and Nur, 1992; Vernik and Liu, 1997; Saberi et al., 2011; Sayers, 2013).       
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CHAPTER 4 

CORES 

 The Denver Basin has been explored extensively for petroleum. Over 30,000 wells have been 

drilled in the Denver Basin (Sonnenberg, 2014). Four cores (Figure 4.1) have been provided for this 

study: the Berthoud State #3 core, made available by the USGS; the Aristocrat core, made available by 

Noble Energy; the Patriot core, made available by SM Energy; and the Talmadge core, made available by 

Bill Barrett Corporation. Core descriptions from previous literature were used for the USGS Berthoud 

State #3 core, the Noble Aristocrat core, and the SM Patriot core, and a core description for the BBC 

Talmadge core was provided by Scott Hampton of Bill Barrett Corporation and Weatherford Labs 

(Figures 4.2-4.5). 

Figure 4.1:  Core location map showing all four cores used in this study.  The Berthoud State #3 core was 
taken near Berthoud, CO.  The Noble Aristocrat core was taken south of Greeley, CO.  The SM Patriot 
core was taken east of Cheyenne, WY. The BBC Talmadge core was taken southeast of Cheyenne, WY 
near the Colorado-Wyoming border.  Cities are shown in gray.  
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Figure 4.2:  USGS Berthoud core description showing chalk and marl benches, lithology, fractured zones, 
gamma ray (GR), resistivity (ILD), total organic carbon (TOC) wt.%, carbonate percentage (Carbonate 
%), and HLD values (Modified from Pollastro, 1992). 
 

4.1 USGS Berthoud State Core  

 The USGS took the Berthoud State Core #3, located at Sec.16-T4N-R69W near Berthoud, 

Colorado.  This core was 298 ft long (2910 ft to 3208 ft depth) and spanned from the base of the Niobrara 
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Formation to the Sharon Springs Formation. Only the Smoky Hill Member of the Niobrara was tested 

with the Bambino.  The Smoky Hill Member in this core was 270 ft thick (2921 ft to 3149 ft depth).  The 

core was tested at Colorado School of Mines, and tested samples were 1.5 inch slabs. 

 
Figure 4.3:  Noble Aristocrat core description showing chalk and marl benches, lithology, HLD values, 
bioturbation index, total organic carbon (TOC) wt.%, carbonate percentage (Carbonate %), and clay 
percentage (Clay %) (Modified from Elghonimy, 2015). 
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Figure 4.4:  SM Patriot core description showing chalk and marl benches, lithology, bioturbation index, 
calcite percentage (Calcite %), clay percentage (Clay %), and HLD values (Modified from Finley, 2014). 
 

4.2 Noble Aristocrat Core  

 Noble Energy took the Aristocrat core, located at Sec.11-T3N-R65W southeast of Greeley, 

Colorado.  This core was over 400 ft long and spanned from the Greenhorn Formation to the Sharon 
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Spring Formation.  Both members of the Niobrara Formation as well as the Codell Sandstone, Carlile 

Shale, and the upper Greenhorn Limestone were tested with the Bambino, however only the Smoky Hill 

Member dataset was included in this study.  The Smoky Hill Member in this core was 250 ft long (6806 ft 

to 7056 ft depth.  The core was tested at Triple O Slabbing, and tested samples were 1.5 inch slabs.  The 

upper portion of the Niobrara, including the A and B Chalk benches, was highly fractured. 

4.3 SM Patriot Core  

 SM Energy took the Patriot core, located at Sec.19-T14N-R64W in Laramie County, Wyoming. 

This core was over 350 ft long and spanned from the Greenhorn Formation to the top of the Niobrara 

Formation. Only the Smoky Hill Member was tested with the Bambino. The Smoky Hill Member in this 

core was 268 ft thick (8048 ft to 8316 ft depth).  The core was tested at Core Lab, and tested samples 

were 4.0 in core butts.  Slabbed core samples were not used because they were determined to be too thin 

(1.0 in) for testing.  

4.4 BBC Talmadge Core  

 Bill Barrett Corporation took the Talmadge core, located at Sec.17-T12N-R62W in Laramie 

County, Wyoming.  This core was over 280 ft long and spanned from the middle of the A Chalk in the 

Niobrara Formation through the Codell Sandstone.  Only the Smoky Hill Member was tested with the 

Bambino.  The Smoky Hill in this core was 223 ft thick (6167 ft to 7390 ft depth).  The core was tested at 

Weatherford Labs, and tested samples were 1.5 in core slabs. 
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Figure 4.5:  BBC Talmadge core description showing chalk and marl benches, lithology, bioturbation 
index, and HLD values. 
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CHAPTER 5 
 

METHODS 
 

 This chapter will cover the methodology used for Bambino testing on cores and constructing 

mechanical stratigraphic profiles. Methods for establishing a sonic log relationship with the Bambino, 

sonic log and HLD relationships with elemental and mineralogical data, and sonic log relationships with 

hydrocarbon production values will be presented in this chapter with more in-depth methodology 

presented in chapters corresponding to each relationship.   

5.1 Bambino Testing 
 
 Bambino testing was conducted on all four cores (Appendix 1, 2, 3, and 4).  To be considered for 

data collection, core samples had to meet the following criteria: (1) Samples must have been over 1 in in 

vertical depth; perpendicular to testing; (2) Samples must have been at least 1.5 in thickness; parallel to 

testing. The purpose of testing was to acquire an average HLD measurement representative of the 

specified interval (6-12 in). To achieve a good representation, all microfractures and calcite infill 

(including any fractures that were initiated during Bambino testing) were avoided. Samples were cleaned 

of all surface debris and had to be dry.  Any samples that contained vertical fractures, natural or 

mechanical, were discarded.  Also, thin to lenticular beds that were not representative of the tested 

interval were excluded from testing.   

 Testing was conducted on core slabs for the USGS Berthoud, Noble Aristocrat, and BBC 

Talmadge cores.  Core slabs of the SM Patriot were too thin (1.0 in) to conduct Bambino testing, so 

testing was performed on 4.0 in core butts.  Values from core butts were typically higher than core slabs 

as expected (Ritz et al., 2014). All test points were taken along the deepest axis of the core sample to give 

the most reliable readings.  Ritz and others (2014) concluded that measurements near the center of core 

samples were more reliable than measurements taken near the edge of the core (Figure 5.1).  For any 

specified testing interval, 5-10 data points were recorded.  Measurements were exported from the 

Bambino to Microsoft Excel.  Data points that were greater than +/-5% of the median for a given dataset 

were excluded.  For example, given a median of 500 HLD, measurements lower than 475 HLD or higher 
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than 525 HLD were discarded from the dataset.  Kennedy and Dickson (2006) have stated that 

erroneously low values may be omitted from a micro-rebound hammer dataset, and higher values were 

preferred because it was not possible to have a false high reading.  While this was considered to be true 

for single point testing, this study was intended to give a mechanical representation of intervals ranging 

from 3 to 12 in.  Therefore, some high values were omitted from the dataset if they were thought to be 

non-representative of the interval. If there was a significant visual change within a specified interval, two 

datasets were recorded for that interval.  

 
Figure 5.1:  Chart shows the mean HLD values for data points taken horizontally across a core sample.  
Data points were fairly consistent across the core butts, but values increased significantly towards the 
middle across core slab samples.  Data points taken on the margins of core slab samples were notably 
lower and should not be used for mechanical characterization of core (Ritz et al., 2014). 
 
5.2 Mechanical Stratigraphy 
 
 Core plugs from the Talmadge core were taken at Weatherford Labs in Golden, CO.  Triaxial 

testing results were compared to Bambino measurements.  Relationships for unconfined compressive 

strength (UCS), confined compressive strength (CCS), static Young’s Modulus (E) and Poisson’s ratio (v) 

were established.  These relationships were used to construct mechanical stratigraphic profiles for all four 

cores. Methodology for constructing the profiles will be explained in more detail in Chapter 5.  
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5.3 Sonic Log, Bambino, XRD, XRF, and Hydrocarbon Production Relationships 
 
 The sponsoring companies provided sonic logs for all four cores.  McClave (2014) identified a 

relationship between sonic log values and Bambino measurements.  The relationships for each core were 

established using cross-plots.  A more detailed methodology for constructing these relationships will be 

presented in Chapter 6.  

 X-ray fluorescence (XRF) and x-ray diffraction (XRD) testing was conducted on the Noble 

Aristocrat core by Kazumi Nakamura and Weatherford Labs, respectively.  XRD data was provided by 

Rana ElGhonimy.  The XRF and XRD datasets were compared to both sonic log and Bambino responses.  

A more detailed methodology and motivation for constructing these relationships will be presented in 

Chapter 7. 

 Hydrocarbon production data, including initial production (IP) tests and first year production 

(FYP) values, was provided by IHS Inc.  IP and FYP data was compared to sonic log responses of the B 

and C Chalks of wells within the study area. A more detailed methodology for constructing these 

relationships will be presented in Chapter 8. 
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CHAPTER 6 

MECHANICAL STRATIGRAPHY 

 Mechanical stratigraphy of a sequence describes the layer thicknesses, material properties of 

layers, and characteristics of the layer contacts (Cooke, 1997).  A mechanical stratigraphic profile 

subdivides rock into distinct intervals based on their mechanical properties (Corbett et al., 1987).  Triaxial 

compressive strength testing results from vertical core plugs were compared with Bambino data to 

construct a high resolution mechanical stratigraphic profile of the BBC Talmadge core, as well as the 

other three cores in this study.   

6.1 Methodology 

 Five vertical core plugs from the BBC Talmadge core were taken by Weatherford Labs in 

Golden, CO. Core plugs were 1 in diameter and ranged from 1.5-2 in in length.  All tests were conducted 

in a GCTS RTR-1000 style triaxial deformation apparatus.  Once sample preparation was complete, 

samples were jacketed by fluorinated ethylene propylene (FEP) heat-shrink tubing to isolate the sample 

from the confining oil.  Rubber O-rings and a stainless steel wire tourniquet were used to affix samples to 

the loading platens (Figure 6.1).   Axial and circumferential deformation transducers were used to 

complete apparatus assembly.  A pressure cell was then lowered over the sample and filled with silicone 

oil to achieve an experimental confining pressure of 3314 psi.  The sample was then allowed to stabilize 

under constant confining pressure.  Once stabilized, the axial ram was lowered onto the sample assembly 

at a constant rate until sample failure occurred.  P- and S-wave velocities were measured four times: once 

prior to axial loading (confining stress only), and three times when axial differential stresses of 1000, 

2000, and 3000 psi were acting on the sample.   

Triaxial compressive strength testing was conducted on the core plugs and provided UCS, static 

Young’s modulus (ES), and static Poisson’s ratio (vS) measurements.  P- and S-wave velocity testing 

provided compressional wave velocity (CWV), shear wave velocity (SWV), dynamic Young’s modulus 

(ED), dynamic Poisson’s ratio (vD), dynamic bulk modulus (KD), and dynamic shear modulus (GD).  

Mechanical properties and acoustic velocities derived from triaxial testing were compared with Bambino 
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and sonic log values at the corresponding depths. A logarithmic relationship was established for each 

mechanical property and wave velocity.  Logarithmic relationships were used to follow the methodology 

of Zahm and Enderlin (2010), who used logarithmic equations to relate HLD measurements to UCS 

values.  

 
Figure 6.1:  The GCTS RTR-1000 style triaxial deformation apparatus used for core plug testing.   
 

 The logarithmic relationships between the Bambino dataset and lab-derived mechanical 

properties were used to create a high-resolution mechanical stratigraphic profile for the entire BBC 

Talmadge core.  Since core plugs were only available in the BBC Talmadge core, this relationship was 

used to estimate mechanical properties of the other three cores. However, the relationship is expected to 

be significantly different from core to core had triaxial testing been conducted on all four cores. 

6.2 Core Plug Testing 
 
 Only five of the proposed fourteen core plugs were recovered from the BBC Talmadge within the 

Niobrara Formation core due to fracturing during extraction.  Results for each core plug are listed in 

Table 6.1.   
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Table 6.1:  Core plug testing results. Each sample’s ID, depth, lithology, unconfined compressive strength 
(UCS), static Young’s modulus (ES), static Poisson’s ratio (vS), compressive wave velocity (CWV), shear 
wave velocity (SWV), dynamic Young’s modulus (ED), dynamic Poisson’s ratio (vD), dynamic bulk 
modulus (KD), and dynamic shear modulus (GD) are listed. 

Sample ID 1-1 RM 1-3 RM 1-84 RM 1-98 RMV 1-209 RM 
Depth (ft) 7157 7159 7250 7265 7374 
Lithology A Chalk A Chalk B Chalk B Marl C Marl 
UCS (psi) 25658 24787 35654 33113 22531 

ES (x106 psi) 1.98 2.58 4.01 4.14 1.97 
vS 0.20 0.23 0.25 0.26 0.26 

CWV (ft/sec) 13072 13026 14244 15562 12599 
SWV (ft/sec) 7950 7902 8453 8861 6926 
ED (x106 psi) 4.9 4.9 5.72 6.51 4.06 

vD 0.21 0.21 0.23 0.26 0.28 
KD (x106 psi) 2.78 2.81 3.51 4.52 3.13 
GD (x106 psi) 2.03 2.02 2.33 2.58 1.58 
  

Using a confining stress of 3314 psi, UCS for samples ranged from 22,531 psi to 35,654 psi.  

Static Young’s modulus values ranged from 1.97x106 to 4.14x106 psi.  Static Poisson’s ratio values 

ranged from 0.20 to 0.26 with values increasing with depth. It was noted in the lab report from 

Weatherford Labs, however, that this trend with depth is likely to be coincidental and not causal.  P- and 

S-wave velocities range from 12,599 to 14,244 ft/s and 6926 to 8453 ft/s, respectively.  ED measurements 

were slightly higher than ES values, as typical, and ranged from 4.06x106 to 5.72x106 psi.  All values of 

static and dynamic estaic moduli and wave speed velocities are reasonable for shales (Carmichael, 1989).  

It should also be noted that two of the samples (1-3 RM and 1-209 RM) are slightly shorter than the 1.5 in 

minimum length, but they were tested due to limited number of recovered core plugs.  Samples that do 

not meet the 2:1 length to diameter recommended ratio may appear to be stronger than they actually are.  

This may have a positive or negative affect on the true UCS-HLD relationship depending on the 

magnitude of this discrepancy.   
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6.3 Mechanical Properties Relationships 

 HLD and sonic log travel time values at the depth of each core plug were compared to triaxial and 

wave velocity test results.  HLD and sonic log values were plotted against results from the core plug 

testing to establish logarithmic relationships.  It should be noted that Bambino testing was conducted 

under surface conditions, while core plug testing was conducted under confining pressure estimated to be 

near sub-surface formation pressures.  These differences in pressure conditions were assumed to have 

minimal effect on the relationships due to pressures being consistent for each dataset.  

6.3.1 Results  

 Logarithmic relationships between core plug test results and Bambino testing were better 

established than sonic log values (Figures 6.2, 6.3, and 6.4).  The UCS-HLD relationship yielded the 

highest R2 value (0.92), while the UCS-sonic log relationship yielded an R2
 value of 0.29 (Figure 6.2).  

Likewise, ES relationships were stronger when compared to HLD data (R2 = 0.74) than sonic log 

values (R2 = 0.30).  Neither dataset showed a strong relationship with vS.  HLD values showed strong 

relationships with CWV and SWV, R2 values of 0.64 and 0.86, respectively.  Sonic log values showed a 

weak relationship with CWV (R2 = 0.31) but a good relationship SWV (R2 = 0.73).   

The HLD measurements exhibit strong relationships with ED and GD with R2 values of 0.81 and 

0.86, respectively.  However, the KD-HLD relationship has a relatively low R2 of 0.29.  There was no 

relationship between HLD values and dynamic Poisson’s ratio (vD).  When compared with the ES 

relationship, sonic values exhibited a better relationship with ED (R2 =0.57).  Sonic log values also 

showed a good relationship with GD (R2 = 0.69) and a poor relationship with KD (R2 = 0.04).  The vD-sonic 

log relationship yielded an R2 of 0.44.   

6.3.2 Implications 

 HLD values exhibit much higher R2 values with compressive triaxial testing results than sonic log 

values. This may be attributed to three factors: (1) Major changes in stress field, temperature, and pore 

pressure states at subsurface conditions, where sonic log measurements are taken, and surface conditions, 
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where Bambino tests are conducted (2) Significant time elapsed between extracting the core from the 

subsurface, conducting Bambino testing on the core, drilling core plugs, and testing core plugs which 

would allow for additional drying out of the core and acclimation to surface conditions (3) Sonic log 

responses have a very low resolution when compared to core plugs; meanwhile, Bambino testing intervals 

are more comparable to core plugs.  

Figure 6.2:  Cross plots from triaxial core plug testing compared to corresponding HLD and sonic travel 
time values. (a) UCS plotted against HLD values. This crossplot had the highest relationship of any core 
plug-derived property with an R2 of 0.92. (b) UCS plotted against sonic travel time in microseconds.  This 
cross plot had a very low relationship with an R2 of 0.29. (c) Static Young’s modulus plotted against HLD 
values with an R2 of 0.74. (d) Static Young’s modulus plotted against sonic travel time in microseconds 
with a low R2 of 0.30. (e) Static Poisson’s ratio plotted against HLD values with a low R2 of 0.00. (f) 
Static Poisson’s ratio plotted against sonic travel time in microseconds with a low R2 of 0.11.  



33 

 
Figure 6.3: Cross plots from wave velocity plug testing compared to corresponding HLD and sonic travel 
time values. (a) CWV plotted against HLD values with a high R2 of 0.64. (b) CWV plotted against sonic 
travel time in microseconds with a low relationship with an R2 of 0.30. The highest sonic travel time data 
point may be an outlier, and this anomaly is exhibited in many of the sonic log crossplots.  If removed, 
the R2 values would be even lower. (c) SWV plotted against HLD values with an R2 of 0.86. (d) SWV 
plotted against sonic travel time in microseconds with a high R2 of 0.73. (e) Dynamic Poisson’s ratio 
plotted against HLD values with a low R2 of 0.09. (f) Dynamic Poisson’s ratio plotted against sonic travel 
time in microseconds with a low R2 of 0.44. 

 

Sonic log values exhibit better relationships with wave velocities; especially shear wave 

velocities, ED, and GD.  The values of these three properties are more affected by anisotropic materials 

when compared to isotropic materials.  Strong relationships between sonic log values and properties 

mostly dictated by the anisotropic nature of materials suggest that the sonic log responses are influenced 
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more by anisotropic materials than isotropic materials.  This will be addressed in subsequent chapters. 

 

 
Figure 6.4:  Cross plots of dynamic core plug results compared to corresponding HLD and sonic travel 
time values. (a) Dynamic Young’s modulus plotted against HLD values with a high R2 of 0.81. (b) 
Dynamic Young’s modulus plotted against sonic travel time in microseconds with an R2 of 0.57. As in 
Figure 6.3, the highest sonic travel time data point may be an outlier, and this anomaly is exhibited in 
many of the sonic log crossplots.  If removed, the R2 values would be lower. (c) Dynamic bulk modulus 
plotted against HLD values with a low R2 of 0.29. (d) Dynamic bulk modulus plotted against sonic travel 
time in microseconds with a low R2 of 0.04. (e) Dynamic shear modulus plotted against HLD values with 
a high R2 of 0.85.  (f) Dynamic Poisson’s ratio plotted against sonic travel time in microseconds with an 
R2 of 0.69. 
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6.4 Mechanical Stratigraphic Profiles 

 Logarithmic relationships between HLD values and mechanical properties were used to create a 

high-resolution mechanical stratigraphic profile for the BBC Talmadge core (Figure 6.5).  Due to the 

weak relationship between HLD values and vS, vD, and KD, these properties were not included in the 

profile. This stratigraphic profile was created under the assumption that the relationship between HLD 

values and mechanical properties was consistent throughout the entire core.   

 On the right side of the profile in Figure 6.5, layers have been classified based on their brittleness.  

For this study and other studies from the Colorado School of Mines Niobrara Research Consortium, 

brittleness was defined as Young’s modulus divided by Poisson’s ratio.  Since there was a poor 

relationship between both static and dynamic Poisson’s ratio values and HLD values, brittleness was only 

defined as ED for these mechanical stratigraphic profiles.  The ED values were subdivided into quarterly 

percentiles, which were each assigned brittleness classifications.   

 In terms of prospect evaluation, the B chalk bench is more brittle than the C chalk bench and 

would be expected to produce a more extensive fracture network during hydraulic fracking.  The base of 

the A chalk bench was also classified as “highly brittle.” However, with only the bottom few feet of the A 

Chalk being present in the core, a recommendation cannot be made.   

 After using mechanical relationships from the BBC Talmadge core to predict geomechanical 

properties of the other three cores, the values were determined to be outside the acceptable range.  

Therefore, mechanical stratigraphic profiles were not created for the remaining cores.  This suggests that 

the relationship between triaxial testing-derived properties and HLD values changes significantly across 

the study area.   

 Weatherford Labs and Bill Barrett Corporation approved only vertical core plugs due to the 

difficulty of taking intact horizontal core plugs along bedding planes from a dried out core.  Changes in 

orientation of core plugs and axial loading were expected to yield differences in relationships between 

sonic log response, HLD measurements, and triaxial testing results due to the vertical anisotropy of the 

Smoky Hill Member of the Niobrara Formation. 
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Figure 6.5:  A mechanical stratigraphic profile of the BBC Talmadge core created in Strater using 
relationships established from core plug test results and HLD values.  HLD, UCS, ES, CWV SWV, ED, 
and GD are all shown in the figure.  As all of these properties’ relationships were dependent on HLD 
values, the signature of each log looked similar.  The core was then subdivided based on relative 
brittleness on the far right-hand side of the figure.  From this classification, the B Chalk appeared to have 
a higher brittleness than the C Chalk, and would be expected to allow for greater fracture propagation. 
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CHAPTER 7 
 

SONIC LOG AND BAMBINO RELATIONSHIP 
 

 A relationship between sonic log and Bambino data was identified with help from Steve Cumella 

and Graham McClave.  This relationship was constructed for each of the cored wells.  Each well had a 

unique relationship, some being stronger than others.  Lower sonic log response values indicate a higher 

velocity for acoustic waves, and therefore, more brittle, competent rock.  Higher sonic log response 

values indicate a lower acoustic wave velocity, and therefore more ductile, weaker rock.  Essentially, 

HLD values measure the amount of energy absorbed by the sample using Equation REF.  While these two 

measurements differ, they help characterize the mechanical competency of the rock.  Observations form 

core descriptions and HLD values are also noted in this chapter.   

7.1  Methodology 

 A Bambino dataset for each core was imported into Petra as a digital HLD well log.  HLD logs 

were compared to sonic logs for the cores.  Sonic logs were depth shifted (Figure 7.1) to match the 

general signature of the HLD logs.  This was performed based on the assumption that a relative increase 

or decrease in mechanical competency would be reflected in both the HLD and sonic log data as found by 

Steve Cumella and Graham McClave.  

Sonic log data from Petra was exported to Microsoft Excel to establish relationships with HLD 

values for each core.  Geomechanical logs, such as Poisson’s ratio and Young’s modulus, were not 

included in the study, due to them being derived from the sonic log itself, and geomechanical logs were 

only provided for one of the four cores used in the study.  HLD and sonic log values were divided into 

chalks and marls.  Cross-plots were constructed for each core, and core-specific linear regression 

relationships were established.  Datasets for the USGS Berthoud and the Noble Aristocrat core were 

cleaned up after initial data processing to omit data that was collected from questionable (Figure 7.2) 

samples.  Eliminating less than questionable sample data increased R2 values for chalks in the USGS 

Berthoud and Noble Aristocrat from 0.42 to 0.29 and 0.45 to 0.58, respectively.  This process was only 

performed on these two cores due to the availability of the USGS Berthoud at the Green Center on 
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Colorado School of Mines campus and core photos for the Noble Aristocrat, provided by Rana 

ElGhonimy.   

 
Figure 7.1:  A cross section created in Petra displaying sonic log in black and gamma ray in red (Track 1) 
and HLD values (Track 2).  Logs were hung on the top of the A Chalk in each well.  Track 1 values were 
flipped to account for the inverse relationship between sonic logs and HLD values.  The D Chalk was not 
present in the Talmadge and Patriot cores.  Sonic logs were depth shifted to mimic the signature of the 
HLD logs. 
 

7.2 USGS Berthoud Core 

 The USGS Berthoud core was the first core to be tested with the Bambino.  Testing interval for 

this core was set at 3 in to verify the repeatability and precision of the Bambino.  For sonic log 

comparison, the dataset was upscaled to 6 in testing intervals by averaging every two datasets unless a 

significant change was identified.   

 The USGS Berthoud core was taken in 1973 and did not have a conventional sonic log.  An 

acoustic velocity log image was available and digitized into Petra.  Cross plots for the two datasets of the 

USGS Berthoud (Figure 7.3) exhibited a moderate relationship (R2 = 0.25).  The dataset was then 

subdivided into chalks and marls.  The aggregate chalk cross plot yielded a much higher R2 value (0.42) 
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than the aggregate marl cross plot (R2 = 0.16).  The relationship in chalks became even stronger when the 

D chalk, which had significant marly layers, was omitted (R2 = 0.48).  

 

 
Figure 7.2:  An example of highly shattered samples from the Noble Aristocrat core.  Any data points that 
were collected from this interval were discarded during post-collection data clean up. 
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Figure 7.3:  Cross plots from the USGS Berthoud core exhibiting higher R2 values from chalks (0.42) 
than marls (0.16).  The data points are scattered, but a clear inverse relationship can be identified, as 
expected. The decrease in sonic travel time is a result of more competent rock, which would also yield an 
increase in HLD values.   
 

 From Pollastro’s (1992) core description, HLD values tended to roughly trend along with 

carbonate percentage and resistivity (Figure 4.2). HLD values also showed an inverse 

relationship with gamma ray response.  Fractured zones of core also showed more variability in 

HLD values. 

7.3 Noble Aristocrat Core 

 Sections of the A chalk, A marl, and B chalk in Noble Aristocrat core were highly shattered.  

Many of the readings were omitted during data cleanup from core photo inspection due to being less than 

ideal.  Cross plots for the entire core (Figure 7.4) exhibited a moderate relationship (R2 = 0.46).  

Meanwhile, chalks had a much stronger relationship (R2 = 0.58) than marls (R2 = 0.09).  
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From ElGhonimy’s (2015) core description, HLD values tended to roughly trend along with 

carbonate percentage within the A and C chalks (Figure 4.3) but not within the B Chalk, where many 

samples were shattered and gave erroneous HLD values.  The HLD values also showed an inverse 

relationship with TOC. 

7.4 SM Patriot Core 

 Bambino testing was conducted on SM Patriot core butts rather than core slabs because the slabs 

were too thin.  This resulted in the highest average HLD values for any of the four datasets, as previous 

authors have observed (Ritz et al., 2007).  The SM Patriot was the third core tested, and after consulting 

Dr. Stephen Sonnenberg, it was thought that 1 ft testing interval should be used to achieve a data  

 
Figure 7.4: Cross plots from the Noble Aristocrat core exhibiting higher R2 values from chalks (0.58) than 
marls (0.09).  The R2 of chalks and marls combined is high in this crossplot due to extremely brittle 
samples shown in the upper left hand corner of 7.4a. 
 

resolution similar to sonic logs.  Cross plots for the entire core (Figure 7.5) exhibited a poor relationship 

(R2 = 0.23).  Meanwhile, chalks had a weaker relationship (R2 = 0.15) than marls (R2 = 0.27).  This was 

the only core where the relationships were stronger in marls.  This dataset varied from the other three in 
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two ways: testing interval and core sample thickness.  Therefore, this anomaly in the chalk relationship 

could be attributed to either or both variables, but that could not be determined from this study alone.   

From Finley’s (2014) core description, HLD values tended to roughly trend along with calcite 

percentage (Figure 4.3). No relationship was established between bioturbation index and HLD values.   

7.5 BBC Talmadge Core 

 The sonic log for the BBC Talmadge core was taken in an offset well next to the cored well.  It 

was assumed that the actual HLD-sonic log relationship would have been higher had the sonic log been 

run on the cored well.  Cross plots for the entire core (Figure 7.6) exhibited a moderate relationship (R2 = 

0.32).  Chalks had a much stronger relationship (R2 = 0.53) than marls (R2 = 0.23).   

From the BBC Talmadge core description, HLD values tended to roughly trend along with 

lithology, where and chalkier layers resulted in an increase in HLD (Figure 4.4). No relationship was 

established between bioturbation index and HLD values.  

 
Figure 7.5:  Cross plots from the SM Patriot core exhibiting higher R2 values from marls (0.27) than 
chalks (0.09).  There is no clear relationship from any of the three cross plots.  It should be noted that this 
dataset was collected from core butts not core slabs like the other three cores, and that testing interval was 
increased from 6 in to 12 in as it was expected to correlate better with sonic log resolution.  
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Figure 7.6:  Cross plots from the BBC Talmadge core exhibiting higher R2 values from chalks (0.53) than 
marls (0.23).    
 
 
7.6 Chalks and Marls 

 The relationship in chalks is consistently and significantly higher from core to core, aside from 

the SM Patriot core, when compared to the relationship within the marls.  Table 7.1 shows the R2 values 

and linear equations of chalks for all core relationships.  Slopes and y-intercepts vary greatly between 

each core, illustrating that the HLD and sonic log relationship changes from location to location.  From 

the R2 values, there is a relationship between the two measurements, however, the HLD measurements do 

not account for all of the variance in the sonic log response.   

 Chalk and marl data points from all cores were combined, but cross plots gave a very low R2 

value.  This suggested that the relationship between HLD measurements and sonic log response varies 

across the study area.  Individual chalk and marl benches from cores were also cross-plotted, but they did 

not give as high of R2 values as plotting up for all three chalk and marl benches combined.  This 

suggested that within a give core location, the HLD-sonic log relationship is valid for the entire Smoky 
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Hill Member of the Niobrara Formation.  

The decrease in R2 values within marl units, where there is an increase in anisotropic material, 

helps support the hypothesis presented in the previous chapter that sonic log responses are affected by 

anisotropy.  Changes within the marl units also suggest that Bambino tests are not as affected by 

anisotropic materials.  Therefore, any inference of HLD values derived from sonic log responses should 

be constrained to chalk benches within the Niobrara Formation.  

Table 7.1:  Equations for HLD-Sonic Log relationships 
Core Equation Slope y-intercept R2 Value 

USGS Berthoud HLD = -3.2151x + 840.23 -3.2151 840.23 0.42 
Noble Aristocrat HLD = -6.8921x + 1039.7 -6.8921 1039.7 0.58 

SM Patriot HLD = -1.1304x + 677.65 -1.1304 677.65 0.05 
BBC Talmadge HLD = -5.508x + 982.89 -5.5080 982.89 0.53 
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CHAPTER 8 

 
X-RAY FLUORESENCE AND X-RAY DIFFRACTION 

 
 The x-ray fluorescence (XRF) and x-ray diffraction (XRD) analysis was conducted on the Noble 

Aristocrat core by Kazumi Nakamura and Noble Energy, respectively.  These analyses were used to 

determine if there was a correlation between elemental or mineralogical data and sonic log response or 

HLD values.   

8.1 Methodology 

 The XRF and XRD datasets for the Noble Aristocrat core were provided by Kazumi Nakamura 

and Noble Energy via Rana ElGhonimy, respectively.  The XRF testing measured concentrations of 

elements by bombarding samples with gamma rays and recording the characteristic emissions of 

fluorescent x-rays (Beckhoff et al., 2006).  Data was collected using the handheld Thermo Fisher 

Scientific Niton X-Ray Flourescence Analyser, and a more detailed methodology can be referenced in 

Nakamura (2015).  Calcium, silicon, titanium, and organic matter proxies (molybdenum, sulfur, and 

vanadium) concentrations from XRF testing were plotted against corresponding HLD and sonic log 

values.  The XRD testing identified mineralogical characteristics of samples based on the unique spacing 

of mineral structures.  Calcite, quartz, total clay, and total carbonate concentrations from XRD testing 

were plotted against corresponding HLD and sonic log values. Brittleness index from Jarvie (2007) was 

calculated from XRD concentrations. 

8.2 XRF Analysis 

 The Noble Aristocrat core XRF analysis measured concentrations for many elements, but for this 

study, only calcium, silicon, titanium, sulfur, vanadium, and molybdenum measurements were used.  

Calcium, silicon, and titanium showed the strongest relationships with Bambino and sonic log values. 

Sulfur, vanadium, and molybdenum were used as proxies for organic matter.  Concentrations were plotted 

against sonic log and HLD values for the corresponding depths.  

 Calcium concentrations did not have a strong relationship with either HLD or sonic log values 
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(Figure 8.1).  The HLD-calcium relationship was similar in chalks and marls (R2 = 0.19 and 0.13, 

respectively).  However, the sonic log-calcium relationship was significantly higher in marls than chalks  

 
Figure 8.1:  Calcium concentrations from XRF analysis cross-plotted against HLD values and sonic travel 
times.  A consistently weak relationship between calcium concentrations and HLD values were exhibited 
in chalks and marls.  However, an extremely weak relationship with sonic log values in chalks 
significantly increased in marls. 

 (R2 = 0.25 and 0.04, respectively). This pattern of stronger relationships between sonic log values and 

elemental concentrations in marls was also noted when using silicon (Figure 8.2) and titanium (Figure 

8.3) values, with silicon being the strongest relationship. Traditional elemental proxies for organic matter 

also showed no relationship with sonic log responses or HLD values in either chalks or marls. 
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Figure 8.2:  Silicon concentrations from XRF analysis cross-plotted against HLD values and sonic travel 
times.  A weak relationship between silicon concentrations and HLD values was exhibited in marls.  The 
relationship increased five-fold when cross plotted in chalks.  Again, extremely weak relationship with 
sonic log values in chalks increased significantly in marls. 
 

8.3 XRD Analysis 

 After XRF analysis showed correlations between sonic log response and elemental 

concentrations, XRD analysis results provided by Noble Energy via Rana ElGhonimy were used to 

determine if there was a similar relationship with mineralogical data.  Weatherford Labs determined 

mineral assemblages for this dataset.  The XRD analysis measured concentrations of calcite, quartz, total 

clays, and total carbonates.  No relationships between HLD values and mineralogical data were found in  
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Figure 8.3:  Titanium concentrations from XRF analysis cross-plotted against HLD values and sonic 
travel times.  A weak relationship between titanium concentrations and HLD values was exhibited in 
marls.  The relationship significantly increased when cross plotted in chalks.  Again, extremely weak 
relationship with sonic log values in chalks increased drastically in marls. 
 

the entire core, chalks, or marls (Figure 8.4, 8.5, 8.6).  When plotted against sonic log values for the entire 

core, no strong relationships were exhibited (Figures 8.7), although they were stronger than the HLD 

relationships.  When separated into chalks and marls, a strong relationship between most minerals and 

sonic log values within marl layers was identified (Figure 8.8).  

 These strong linear relationships within marls showed that as calcite and total carbonate content 

decreased and quartz and total clay content increased, sonic log response times increased, indicating an 
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increase in ductility.  For comparison, these relationships were not found within chalks as shown in 

Figure 8.9.  Within marls, there was also a strong relationship between brittleness index and sonic log 

response (Figure 8.10).  This would suggest that, within marl layers, sonic log responses are dictated by 

the abundance of total clays and quartz and the scarcity of calcite and total carbonates within the sample.  

As expected in the Niobrara Formation, calcite was the main carbonate mineral in this dataset, and the 

main clay mineral was illite.   

 
Figure 8.4:  Cross plot between mineralogy from XRD analysis and HLD values for the entire BBC 
Talmadge core showing very weak relationships for all mineral assemblages.  R2 values for each mineral 
are given under their respective trendline. 
 

Illite has a chemical formula of (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)].  If sonic log 

responses are dictated by quartz and clay content, specifically silicon-rich illite, this helps explain why the 

silicon concentration relationship from XRF analysis was the strongest.  Micaceous illite is more 

anisotropic than calcite, which would support the previously presented hypothesis that sonic log 

responses are heavily influenced by the presence of anisotropic material, but only within marl layers.  

Although average clay content is higher in marls, from this dataset chalks exhibit no relationship  
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Figure 8.5:  Cross plot between mineralogy from XRD analysis and HLD values for chalks of the BBC 
Talmadge core showing very weak relationships for all mineral assemblages.  R2 values for each mineral 
are given under their respective trendline. 
 
regardless of the abundance of clays.  This suggests that there is a significant difference in the way 

acoustic waves travel through chalks and marls, possibly due to clays only being present intermittently 

within chalks while clay-rich layers are more likely to be found in marls.  If this relationship is found to 

be consistent in other core studies, significant decreases in sonic log response within chalk benches may 

be indicating a change from disseminated clays to discrete clay-rich layers, which could act as barriers to 

fracture propagation and should be avoided during horizontal drilling.  
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Figure 8.6:  Cross plot between mineralogy from XRD analysis and HLD values for marls of the BBC 
Talmadge core showing very weak relationships for all mineral assemblages.  R2 values for each mineral 
are given under their respective trendline. 

 

 
Figure 8.7:  Cross plot between mineralogy from XRD analysis and sonic travel time values for the entire 
BBC Talmadge core showing moderate relationships for all mineral assemblages.  Calcite and total 
carbonate concentrations show an inverse relationship with sonic values.  Quartz and total clay 
concentrations show a direct relationship with sonic values.  R2 values for each mineral are given under 
their respective trendline. 
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Figure 8.8:  Cross plot between mineralogy from XRD analysis and sonic travel time values for marls of 
the BBC Talmadge core showing very strong relationships for all mineral assemblages.  Calcite and total 
carbonate concentrations show a clear inverse relationship with sonic values.  Quartz and total clay 
concentrations show a strong direct relationship with sonic values.  R2 values for each mineral are given 
under their respective trendline. 
 

 
Figure 8.9:  Cross plot between mineralogy from XRD analysis and sonic travel time values for chalks of 
BBC Talmadge core showing very weak relationships for all mineral assemblages. R2 values for each 
mineral are given under their respective trendline. 
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Figure 8.10: Cross plot shows a strong relationship between sonic travel time values and brittleness index 
values, which were calculated from Eq. 3.6.   
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CHAPTER 9 
 

SONIC LOG RESPONSES AND HYDROCARBON PRODUCTION 
 

 Hydrocarbon production from unconventional reservoirs depends on the extent and longevity of 

the stimulated fracture network.  In more brittle rock, fracture networks are more extensive, and fractures 

remain open longer because the rock is less likely to deform around the fracking proppant.  Sonic logs 

were compared with hydrocarbon production in the study area to identify any correlation between 

favorable sonic log responses and increased hydrocarbon production. 

9.1 Methodology 

 Available sonic logs from vertical wells within the study area were compared with production 

data from IHS.  B and C Chalk intervals were identified from sonic and gamma ray logs. Median and 

fastest 20th percentile sonic log responses were calculated for the B and C Chalks of each well. These two 

values were used to construct gradient maps of the study area. 

Production data, including initial production (IP) and first year production (FYP) values, was 

imported from the IHS Inc. website into Petra.  The dataset was restricted to wells producing solely from 

the Niobrara Formation.  However, IHS production data did not indicate from which chalk bench the well 

was producing.   Only production data from vertical wells was used in this study.  Horizontal well 

production values were not ideal used in this study for a number of reasons: (1) Sonic logs were from 

vertical wells (2) Bambino testing was conducted in the horizontal plane, and fractures within horizontal 

wells propagated in both the horizontal and vertical planes through an anisotropic medium (3) Multi-stage 

fracking techniques created large, laterally extensive fracture networks which resulted in much higher 

production values than vertical wells (4) Production data density was much higher with vertical wells than 

horizontal wells. Bubble maps were created for IP tests, oil, gas, and barrel of oil equivalent first year 

production values. 

9.2 Sonic Log Responses 

 Only 26 acceptable sonic logs were available within the study area (Figure 9.1).  Since production 

from IHS did not differentiate between B and C bench productions, sonic log responses from both  
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Figure 9.1:  Map shows the 26 available quality well logs within the study area.  The cities of Greeley and 
Fort Collins are labeled for reference.  Data density is very low across the study area with the highest 
density around west-southwest of Greeley. 
 

benches were averaged.  Maps were made for the median and fastest 20th percentile sonic log responses 
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(Figures 9.2 and 9.3).   

  
Figure 9.2:  Map shows the median sonic log response for the B and C chalks of the Niobrara from the 26 
wells in the dataset.  Fast sonic log responses trend along the center of the Wattenberg Field.  A 
significant drop in sonic log response values is noted in the southwest portion of the study area around 
T3N R67W.  Moderate sonic log responses are shown moving northward to Wyoming. Least squares 
gridding method was used.  The black polygon delineates the extent of the study area. 
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Figure 9.3:  Map shows the fastest 20th percentile of sonic log response for B and C chalks of the Niobrara 
from the 26 wells in the dataset.  Trends are similar to those found in Figure 9.2 with the fastest values 
occurring in the center of the Wattenberg Field, and the significant drop in response values is still present 
in T3N R67W. Least squares gridding method was used.  The black polygon delineates the extent of the 
study area. 
 
 Both maps show fast sonic log responses near the Wattenberg field, as expected.  Sonic logs 

responses slow to the north.  A significant drop in sonic log response is present to the west near TR.  
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Figure 9.1 shows the low well data density in this area.  The slow sonic log response is only represented 

in two well logs, but when compared to the total dataset, two wells represent 7.6% of the available sonic 

log dataset.   

9.3 Hydrocarbon Production 

 Hydrocarbon production from vertical wells was used to compare with sonic log response. Due to 

the lack of vertical well production and sonic log data density north of 7N, hydrocarbon and sonic log 

responses comparisons were restricted to the southern Wattenberg field.   

 Initial production (IP) test wells and IP test results from the B and C Chalk benches are shown in 

Figure 9.4 and Figure 9.5, respectively.  IP tests do not vary greatly across the study area, but the high 

values are located within the fast sonic log value area from Figure 9.3 and the northwest portion of the 

study area.  Average IP values are found in the slow sonic log area near 3N-67W. 

 Over 3000 vertical wells were used to map first year production (FYP) values for oil, gas, and 

barrels of oil equivalent (Figures 9.6, 9.7, 9.8, and 9.9, respectively).  Major producers of oil are found 

along the margins of the Wattenberg field, while major gas producing wells are found at the center, as 

expected.  Over 95% of the major producers (top 20th percentile of producers) are located within the fast 

sonic log response area.  Within the slow sonic log response bull’s eye, not far from most major 

producers, only one major producer was identified out of 64 wells.  Figure 9.10 illustrates how major 

producers tend to be located in fast sonic log response areas and follow the northeast-southwest trend of 

fast sonic log responses.  

 The IP tests from this area only slightly below average, while the first year production are well 

below average.  Lindley (1961) stated that slow sonic log response values may be related to an increase in 

hydrocarbon saturation.  If slower sonic log response times are indicative of a slightly more ductile rock 

coupled with higher hydrocarbon saturation, then a smaller fracture network may still result in average IP 

numbers due to more hydrocarbons available near the borehole.  Subpar FYP numbers from these wells 

may also be explained by fracture networks closing around proppant over time due to increased ductility.   
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Figure 9.4: Map shows the well data density of initial production (IP) tests for the B and C chalks of the 
Niobrara Formation.  Data density is very high in the central, southern, and western portions of the study 
area.  The black box outlines the extent of the study area.   
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Figure 9.5: Map shows the initial production (IP) test results for B and C chalks of the Niobrara 
Formation from the wells shown in Figure 9.4.  The highest IP results occur in the northwest section of 
the study area, with some high values also located in the central Wattenberg Field.  Average IP values are 
noted in T3N R67W, where the drop in sonic log response was located.   
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Figure 9.6: Map shows the well data density of first year production (FYP) values for the B and C chalks 
of the Niobrara Formation.  Data density is very high in the central, southern, and western portions of the 
study area.  The black box outlines the extent of the study area.   
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Figure 9.7:  Bubble map shows first year oil production from B and C chalks of the Niobrara Formation 
from vertical wells within the study area.  The major producers are shown in red while smaller producers 
are shown in green and purple.  Major oil producers are located around the margins of the Wattenberg 
Field as the center of the field is mainly within the gas window.   
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Figure 9.8:  Bubble map shows first year gas production from B and C chalks of the Niobrara Formation 
from vertical wells within the study area.  The major producers are shown in red while smaller producers 
are shown in green and purple.  Major gas producers are located at the center of the Wattenberg Field as 
expected.  Only four major oil producers are located outside the center of the study area.   
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Figure 9.9:  Bubble map shows first year total barrel of oil equivalent (BOE) production from B and C 
chalks of the Niobrara Formation from vertical wells within the study area.  The major producers are 
shown in red while smaller producers are shown in green and purple.  Major BOE producers are located 
at the center of the Wattenberg Field as expected.  Only two major oil producers are located outside the 
center of the study area. Major producers exhibit a northeast-southwest trend. However, this trend ends 
near T3N R67W.     
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Figure 9.9:  Bubble map shows first year total barrel of oil equivalent (BOE) production from B 
and C chalks of the Niobrara Formation from vertical wells within the study area with sonic log 
response contours overlain.  This figure shows that major BOE producers are located within the 
fast sonic log response contours and follow the northeast-southwest trend.  The bull’s eye of 
slow sonic log responses in T3N R67W only contains one major BOE producer. 
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CHAPTER 10 
 

CONCLUSIONS 
 

 This chapter will cover the conclusions made from the study as well as recommended future work 

to better understand the interplay of Bambino testing, sonic log responses, mineralogical data, and 

hydrocarbon production.  It should be noted that the following conclusions were made from only four 

cores across a large area, and sonic log data density was less than ideal.  As more core studies are 

conducted, these conclusions will be refined and improved. 

10.1 Conclusions 

 Initial Bambino testing on the Berthoud core confirmed that the tool is repeatable, accurate, and 

precise.  For better comparison between cores, all Bambino testing should be conducted on either slabs or 

core butts, but slab and core butt results should not be compared due to core butts giving higher average 

readings.  Due to poor relationships from the SM Patriot core, the recommended testing interval for all 

future Bambino data collection is 6 in, allowing for the averaging of two datasets to give an effective 12 

in interval dataset if desired.  The Bambino showed a moderately strong relationship with sonic log 

responses, but HLD values do not account for all of the variance in sonic logs. Relationships between 

HLD and sonic log values tend to be higher in chalks than in marls.  The difference in data resolution of 

Bambino testing and sonic logging may account for some of the variance between the two datasets.  The 

Bambino tests small, discrete points while sonic logs record travel time through an interval of rock 

between source and receptor.   

 The Bambino dataset correlates very with core plug triaxial compression tests and acoustic wave 

velocity results for all mechanical properties other than Poisson’s ratio.  Sonic log responses do not 

correlate well with triaxial testing results.  However, relationships between sonic log values and acoustic 

wave velocities are noticeably stronger.  Aside from data resolution variations, poor relationships between 

sonic logs and triaxial testing are attributed to changes in subsurface and surface testing conditions as well 

as elapsed time from core extraction to core plug testing allowing for acclimation to changes in data 

collection conditions.   
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There are no strong relationships between HLD and mineralogical data within chalks or marls.  

Sonic logs show very strong relationships with mineralogy in marl layers.  As clay and quartz content 

increases and calcite and carbonate content decreases, sonic log travel time increases.  These relationships 

are not present in chalk layers.  If the relationships from marls are found to be consistent in other core, 

significant decreases in sonic log response within chalk benches may be indicating a change from 

disseminated clays to discrete clay-rich layers, which could act as barriers to fracture propagation and 

should be avoided during horizontal drilling. The absence of these relationships with Bambino testing 

suggests that HLD values are independent of mineralogy.  When coupled with strong triaxial testing 

correlations, the Bambino is determined to be a better indicator of actual mechanical properties than the 

sonic log.  If sonic log values are dictated by mineralogy in marls, this explains poor linear relationships 

between HLD and sonic log values.   

 A vast majority, 95%, of the major producing wells was located in fast sonic log response times 

(< 70 µs).  Areas with slow sonic log travel times only yielded 5 major producers because fracture 

networks were not as extensive and did not stay open as long wells drilled in areas with more brittle rock.  

The odds of drilling a major producer in fast sonic log areas were 22%, meanwhile, those odds decreased 

to 9% in slow sonic log areas.  

10.2 Future Work 

 More core studies should be conducted to observe how the relationship between HLD and sonic 

log values change from location to location.  Different Bambino testing intervals should be used to 

determine the ideal resolution for comparison with sonic logs.  Sonic logs should be run on all wells, 

especially cored wells.   

 Core plug testing from multiple cores are recommended to observe changes in the HLD-triaxial 

testing relationships.  Many core plugs should be taken from cores as soon after extraction as possible. 

Core plugs should be taken in chalks and marls to determine if relationships with HLD and sonic log 

values are consistent or vary.   
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 X-ray fluorescence and XRD testing are recommended on all Bambino tested cores to observe if 

the relationships found in this study, and the conclusions drawn from them, are consistent.  Tests should 

highlight thick marl layers within the chalk benches to determine if mineralogy dictates sonic log 

responses, as found in marl layers of the Aristocrat Noble core.   

 A significant increase in the number of sonic logs available in a given study area would allow for 

more conclusions to be drawn from production values as they relate to sonic log responses.  An increase 

in sonic log data density would help determine if small-scale changes in sonic response were a good 

predictor of hydrocarbon production.   

 The conclusions drawn from this study could help identify intervals within chalk benches with 

higher brittleness based on sonic log values and high-resolution Bambino datasets.  The Bambino testing 

can be used to determine whether favorable chalk intervals are more variable than indicated by low-

resolution sonic log responses in a given area.  Sonic log and XRD relationships can be used to identify 

thick marl layers in chalk benches, which may significantly inhibit fracture propagation in a target zone.   
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APPENDIX A 

USGS BERTHOUD BAMBINO TEST RESULTS 

Depth Sonic HLD 
2924 80.989 567 
2925 77.367 573 
2926 75.796 594 
2927 76.68 594 
2928 77.157 602 
2929 76.412 597 
2930 76.819 590 
2931 77.305 587 
2932 75.351 591 
2933 75.496 597 
2934 77.204 597 
2935 75.807 600 
2936 75.541 594 
2937 73.929 602 
2938 74.323 615 
2939 72.992 598 
2940 73.609 594 
2941 70.915 618 
2942 70.237 612 
2943 71.976 610 
2944 72.293 612 
2945 71.945 607 
2946 73.372 610 
2947 77.759 596 
2948 80.252 573 
2949 79.795 593 
2950 79.168 616 
2951 80.402 605 
2952 80.207 577 
2953 79.589 577 
2954 79.076 571 
2955 78.866 583 
2956 78.488 570 
2957 77.348 594 
2958 77.404 580 
2959 78.811 585 
2960 81.635 583 

2961 85.043 588 
2962 83.608 574 
2963 82.707 582 
2964 81.353 597 
2965 78.754 589 
2966 77.359 602 
2967 78.103 599 
2968 78.811 592 
2969 79.779 598 
2970 80.428 581 
2971 82.461 595 
2972 86.721 576 
2973 87.797 573 
2974 84.826 574 
2975 83.991 567 
2976 83.789 565 
2977 83.458 563 
2978 83.134 564 
2979 83.278 575 
2980 83.081 565 
2981 82.254 577 
2982 85.079 568 
2983 87.672 561 
2984 88.384 567 
2985 85.316 560 
2986 83.405 541 
2987 81.848 597 
2988 83.32 576 
2989 82.51 583 
2990 80.615 566 
2991 78.553 573 
2992 77.291 583 
2993 76.934 584 
2994 76.934 575 
2995 76.938 580 
2996 77.705 582 
2997 77.904 573 
2998 78.021 581 

2999 78.126 576 
3000 78.366 568 
3001 79.531 581 
3002 80.637 574 
3003 80.739 589 
3004 80.531 578 
3005 79.793 580 
3006 79.763 576 
3007 79.704 579 
3008 78.588 582 
3009 77.475 580 
3010 77.168 587 
3011 76.969 596 
3012 77.245 595 
3013 77.947 592 
3014 77.796 586 
3015 76.485 591 
3016 77.22 592 
3017 78.4 587 
3018 76.963 592 
3019 74.097 595 
3020 74.878 586 
3021 75.813 595 
3022 74.77 596 
3023 74.591 598 
3024 74.591 603 
3025 72.193 614 
3026 71.377 608 
3027 72.193 610 
3028 74.97 595 
3029 75.036 593 
3030 73.552 606 
3031 74.431 594 
3032 74.405 602 
3033 74.058 598 
3034 73.712 594 
3035 73.512 612 
3036 75.224 601 
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3037 76.891 602 
3038 77.272 610 
3039 77.578 600 
3047 75.071 613 
3048 75.772 598 
3049 76.933 608 
3050 78.563 589 
3051 80.151 579 
3052 80.898 582 
3053 80.376 584 
3054 79.48 578 
3055 78.516 601 
3056 80.088 578 
3057 81.209 573 
3058 79.726 586 
3059 79.707 581 
3060 81.277 575 
3061 78.635 564 
3062 75.95 605 
3063 79.439 600 
3064 80.932 574 
3065 83.571 564 
3066 83.354 582 
3068 81.401 580 
3069 81.871 559 
3070 77.158 610 
3073 78.778 585 
3074 76.451 601 
3075 74.858 604 
3076 74.633 563 
3077 74.682 584 
3078 74.43 575 
3079 73.843 601 
3080 74.867 594 
3081 77.162 588 
3082 79.584 606 
3083 76.644 602 
3084 76.367 596 
3085 77.346 596 
3086 78.351 592 
3087 79.361 580 

3088 78.869 569 
3089 77.338 588 
3090 76.311 606 
3091 76.183 600 
3092 73.359 596 
3093 74.858 602 
3094 79.398 583 
3095 80.06 583 
3096 79.797 595 
3112 84.682 599 
3113 85.835 580 
3114 85.896 565 
3115 85.614 598 
3116 85.468 585 
3117 85.762 591 
3118 86.031 574 
3119 87.091 576 
3120 86.65 557 
3121 85.51 580 
3122 84.566 583 
3123 84.28 570 
3124 83.578 565 
3125 82.094 599 
3126 81.263 581 
3127 81.773 601 
3128 82.972 580 
3129 84.172 579 
3130 85.367 582 
3131 86.033 594 
3132 85.969 589 
3133 85.46 590 
3134 84.773 605 
3135 84.087 614 
3136 83.16 589 
3137 81.74 565 
3138 80.057 612 
3139 79.295 614 
3140 79.545 600 
3141 79.748 581 
3142 80.008 632 
3143 80.833 593 

3144 81.795 583 
3145 83.031 557 
3146 85.507 564 
3147 87.235 567 
3148 86.904 561 
3149 84.918 572 
3150 82.964 537 
3151 81.103 585 
3152 84.236 585 
3153 85.814 584 
3154 84.702 553 
3156 84.596 558 
3157 84.156 578 
3158 79.658 584 
3159 80.589 601 
3160 81.928 568 
3161 83.661 587 
3162 84.805 571 
3164 80.289 565 
3165 79.616 561 
3166 79.63 602 
3167 75.153 625 
3168 73.019 625 
3169 79.528 589 
3170 80.992 560 
3174 74.525 582 
3175 69.883 613 
3176 72.616 635 
3177 77.785 611 
3178 81.827 586 
3179 81.773 556 
3180 78.328 576 
3181 75.522 617 
3182 72.598 614 
3183 73.139 637 
3184 75.342 637 
3185 73.812 612 
3187 70.892 610 
3188 70.825 610 
3189 73.824 571 
3190 76.699 563 
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3191 75.204 599 
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APPENDIX B 

NOBLE ARISTOCRAT BAMBINO TEST RESULTS 

 
Depth Sonic HLD 
6811.25 71.808 529 
6812.25 72.028 498 

6812.5 72.024 493 
6812.75 72.008 550.5 

6813 71.968 554.25 
6813.5 71.638 512.25 

6814.25 71.467 570.75 
6817 69.76 557 

6817.5 69.215 540 
6817.75 69.064 570 

6818 68.955 590 
6818.25 68.802 579 

6818.5 68.711 566 
6818.75 68.658 561 

6819 68.606 576 
6819.25 68.438 570 
6819.75 68.626 527 

6820 68.671 539 
6820.25 68.69 552 

6820.5 68.63 577 
6820.75 68.599 599 

6821 68.408 568 
6821.25 68.191 574 

6821.5 68.132 547 
6822 67.979 555 

6822.25 67.827 530 
6822.5 67.783 574 

6822.75 67.732 558 
6823 67.688 577.666 

6823.25 67.748 579 
6824 67.891 576 

6824.25 68.073 580 
6824.75 68.48 578.25 

6825 68.721 573 
6825.25 69.07 586 

6825.5 69.457 549.25   

6826 70.509 561.6 
6826.5 71.976 547 

6826.75 72.518 504.25 
6827 72.998 567 

6827.75 74.182 512 
6828 74.71 507 

6828.25 74.999 545.5 
6828.75 74.71 546.5 

6829 74.79 497.2 
6829.25 74.806 478.75 

6829.5 74.489 470.25 
6829.75 74.238 438.333 
6830.75 74.783 417.5 

6831 74.874 488.75 
6831.25 74.957 497 

6831.5 74.954 428 
6831.75 74.886 539 

6832 74.794 486.75 
6832.25 74.487 457.75 

6832.5 74.182 516 
6832.75 73.963 492 

6833 73.798 499.25 
6833.25 73.68 559 

6833.5 73.712 481 
6833.75 73.717 469.25 

6834 73.801 555 
6834.25 73.824 511.6 

6834.5 73.934 519 
6834.75 74.011 496.75 

6835 74.153 474 
6835.25 74.393 534 

6835.5 74.487 452 
6837 75.187 529 

6837.25 75.254 470.25 
6837.5 75.363 554 

6837.75 75.336 579 
6838 75.238 454 

6838 75.238 454 
6838.25 74.952 428.5 

6838.5 74.627 464.4 
6838.75 74.311 439 

6839 74.189 529 
6839.25 74.099 521 

6839.5 74.084 534 
6839.75 74.242 510 

6840 74.304 430 
6840.25 74.306 485 

6840.5 74.325 483 
6840.75 74.239 449.5 

6841 74.045 493 
6841.25 73.868 442 

6841.5 73.612 454 
6841.75 73.416 524 

6842 73.117 516 
6842.25 72.847 518 

6842.5 72.739 531 
6842.75 72.652 510 

6843 72.479 416.4 
6843.25 72.286 500.5 

6843.5 72.102 534 
6843.75 72.007 533 

6844 72.02 556 
6844.25 72.017 525 

6844.5 72.068 542 
6844.75 72.083 523 

6845 72.061 471.333 
6845.25 72.046 520 

6845.5 72.03 483 
6845.75 72.157 544.8 

6846 72.164 490.75 
6846.25 72.094 539.2 

6846.5 72.04 464.5 
6846.75 71.865 486.75 

6847 71.685 553.25 
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6847.25 71.63 482.4 
6847.5 71.694 533.5 

6847.75 71.808 426 
6848 71.861 527.2 

6848.25 71.984 521 
6848.5 72.065 536 

6848.75 72.037 540 
6849 71.89 527 

6849.25 71.922 446.5 
6849.5 72.013 538 

6849.75 72.042 451.75 
6850 71.991 558.75 

6850.25 71.939 524.25 
6850.5 71.826 485.75 

6850.75 71.906 522 
6875.25 66.401 501 

6875.5 66.305 522 
6875.75 66.105 448.25 

6876 66.004 533 
6876.25 65.94 550 

6876.5 65.909 503.25 
6876.75 65.966 550.75 

6877 65.946 532.5 
6877.25 65.91 530 

6877.5 65.905 512.666 
6878 65.783 504 

6878.25 65.724 534 
6878.5 65.822 495 

6878.75 65.944 510 
6879 66.07 516 

6879.25 66.24 513 
6879.5 66.363 560 

6879.75 66.675 548.6 
6880 67.081 521.5 

6880.25 67.463 552.25 
6880.5 67.883 524.5 

6880.75 68.122 540 
6881 68.416 523.25 

6881.25 68.486 415.5 
6881.5 68.607 462 

6881.75 68.795 517 

6882 68.902 553 
6882.25 69.142 535 

6882.5 69.239 492 
6882.75 69.206 512 

6883 68.955 493 
6883.25 68.704 481 

6883.5 68.526 536.75 
6883.75 68.29 554.5 

6884 68.135 498 
6884.25 68.034 541 

6884.5 67.977 515.75 
6884.75 68.268 534.25 

6885 68.688 536 
6885.25 68.97 532 

6885.5 69.979 528 
6885.75 70.995 483 

6886 72.2 496 
6886.25 73.363 429 

6886.5 74.558 532 
6887 76.121 491.5 

6887.25 76.302 494.4 
6887.5 75.833 475 

6887.75 75.413 479 
6888 75.147 515.25 

6888.25 74.898 596 
6888.5 74.844 563.571 

6888.75 75.108 544 
6889 75.061 553 

6889.25 74.699 539 
6889.5 74.543 506 

6889.75 74.246 518 
6890 73.72 555 

6890.25 73.186 546.2 
6890.5 73.262 557 

6890.75 73.355 539 
6891 73.182 552 

6891.25 73.236 557.5 
6891.5 73.335 494.25 

6891.75 73.698 540 
6892 74.02 518 

6892.25 74.412 533 

6892.5 74.706 493 
6892.75 74.995 516.25 

6893 75.296 527 
6893.25 75.515 483 

6893.5 75.611 479.5 
6893.75 75.865 486 

6894 76.145 492.5 
6894.25 76.376 525.25 

6894.5 76.587 523 
6894.75 76.824 528.4 

6895 77.259 484 
6895.25 77.801 519.6 

6895.5 78.194 474.8 
6895.75 78.539 470 

6896 78.976 525 
6896.25 79.381 507 

6896.5 79.809 499 
6896.75 80.095 495 

6897 80.408 515 
6897.25 80.632 499 

6897.5 80.802 519 
6897.75 80.789 528.75 

6898 80.812 518 
6898.25 80.764 512 

6898.5 80.805 456 
6898.75 80.628 531.5 

6899 80.62 476 
6899.25 80.61 525.5 

6899.5 80.442 514 
6899.75 80.204 504 

6900 80.102 514 
6900.25 80.119 502.666 

6900.5 80.057 510.5 
6900.75 80.103 500 

6901 80.065 494 
6901.25 80.07 494 

6901.5 80.182 519 
6901.75 80.318 495 

6902 80.304 501 
6902.25 80.452 485 

6902.5 80.581 482 
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6902.75 80.899 465 
6903 81.22 505 

6903.25 81.554 484.5 
6903.5 81.759 435.5 

6903.75 81.8 468 
6904 82.028 480.8 

6904.25 82.197 464 
6904.5 82.36 509 

6904.75 82.39 517 
6905 82.467 454.5 

6905.25 82.489 420 
6905.5 82.475 406 

6907 81.064 440.25 
6907.25 80.705 515.2 

6908 80.088 520 
6908.5 80.418 509 

6909 80.816 471.8 
6909.25 80.947 504.75 

6909.5 81.15 489 
6909.75 81.365 433.4 

6910 81.413 481 
6910.25 81.341 477.2 

6911 80.542 483.1 
6912 79.383 480.75 

6912.5 78.517 535 
6913 77.817 554 

6913.5 77.222 483.75 
6914 76.684 489 
6915 75.87 525 

6915.5 75.541 514.5 
6916 75.497 476 

6916.5 75.429 537.2 
6917 75.246 540 

6917.25 75.247 524.8 
6917.5 75.205 507.5 

6918 75.124 504 
6918.5 75.231 550 

6919 75.196 525 
6919.5 75.119 506.5 

6920 75.469 511 
6920.5 75.713 489.833 

6921 75.857 502 
6921.5 76.022 534.6 

6922 76.266 539 
6922.5 76.458 509 

6923 76.412 509 
6923.5 76.291 505 

6924 76.456 483 
6924.5 76.619 534.5 

6925 77.13 529 
6926 79.133 521 

6926.5 79.005 427 
6927.5 77.279 525 

6928 76.405 529 
6928.5 75.468 554.166 

6929 74.99 559 
6929.5 76.426 492 

6930 77.734 507 
6930.5 78.595 550 

6931 78.667 530.142 
6931.5 78.138 545.333 

6932 77.213 510 
6932.5 76.313 486.75 

6933 75.507 435 
6933.5 75.108 532.333 

6934 75.372 540.666 
6934.5 75.416 474.666 

6944 67.176 568.5 
6944.5 67.297 546 

6946 68.54 550.2 
6946.5 68.957 520 
6947.5 69.314 525.666 
6948.5 69.14 532 

6949 68.863 523 
6949.5 68.361 566.25 

6950 68.101 574.75 
6951.5 68.584 520.333 
6952.5 68.301 552.333 

6953 67.909 561 
6953.5 67.661 551 

6955 67.339 563 
6955.5 68.044 555.75 

6956 68.9 558.8 
6956.5 70.092 579 

6957 70.752 577 
6957.5 70.631 524.75 
6959.5 69.903 527 

6961 68.878 534 
6964 71.33 502.25 
6966 70.972 540 
6967 71.542 565 

6968.5 71.749 521.6 
6969 72.039 525 

6969.5 72.65 545 
6970 73.481 546 

6970.5 74.535 519 
6971 75.65 523 

6971.5 76.383 523.25 
6972 76.804 524 
6973 76.816 510 

6973.5 76.608 510 
6973.75 76.631 520.75 

6974 76.725 507 
6975 77.107 478.8 

6975.5 77.385 459 
6976 77.825 496.25 

6976.5 78.391 502.333 
6977 78.979 491 
6978 80.534 469.5 
6979 81.65 475 
6980 81.595 469.75 

6980.5 80.976 464 
6981 80.216 485 

6981.5 78.992 512.333 
6982 77.898 496 

6982.5 77.352 515 
6983 77.524 504 

6983.5 77.862 492.25 
6984 78.438 499.75 

6984.5 78.953 488 
6985 79.278 469 
6986 79.987 475.6 

6986.5 80.408 505 
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6987 80.268 491 
6987.5 80.027 536.5 

6987.75 79.819 549.75 
6988 79.501 507 

6988.5 78.773 488.5 
6989 77.991 488 

6989.5 77.338 496.333 
6990 76.525 504 

6990.5 75.953 517 
6991 75.523 502 

6991.5 75.031 538.4 
6992 74.52 553 

6992.5 74.203 539.833 
6993 73.999 535 

6993.5 73.786 548.6 
6994 73.929 546 
6995 74.973 535.666 

6995.5 76.059 520.6 
6996 76.778 517 

6996.5 77.085 549.333 
6997 76.709 535 

6997.5 75.978 525 
6998 74.708 511 

6998.5 73.957 578 
6999 74.03 559 

6999.5 74.598 513.5 
7000 75.607 495 

7000.5 76.997 539 
7001 78.536 542 
7002 80.712 469.2 

7002.5 80.961 525.75 
7003 80.931 519 

7003.5 80.765 523.4 
7004 80.787 521 

7004.5 81.068 465.2 
7005 81.731 489.25 

7005.5 82.788 477.2 
7006 84.113 456 

7006.5 85.232 492.666 
7007 85.98 469 

7007.5 86.159 502.2 

7008 85.919 492 
7008.5 85.44 470 

7009 84.823 494 
7009.5 84.178 454.2 
7009.5 84.178 454.2 

7010 83.854 429 
7012 82.509 489 

7012.5 83.123 460 
7013 83.31 469 

7013.5 82.647 507 
7014 82.526 522 

7014.5 82.712 504.666 
7015 82.31 495 

7015.5 80.727 557 
7016 78.239 557 

7016.5 76.714 512 
7017 76.209 508 
7018 76.456 582 
7019 77.155 502 
7020 76.407 515 

7020.5 75.483 500 
7021 74.42 479 

7021.5 73.634 554 
7022 73.042 570 

7022.5 72.783 573 
7023 73.344 591 

7023.5 73.994 526 
7024 74.095 516 
7025 73.305 580.666 
7026 72.859 559 

7026.5 72.806 569 
7027 72.67 578.75 

7027.5 72.837 521.666 
7028 73.071 492 

7028.5 73.464 593 
7029 73.833 574 

7029.5 73.982 602.8 
7030 73.916 600 

7032.25 70.519 567 
7032.5 69.838 581 

7032.75 69.284 636.2 

7033 68.79 631 
7034 68.044 471.25 

7034.5 67.97 632.5 
7035 67.741 650 

7035.25 67.811 573.75 
7035.5 68.004 543.25 

7036 68.533 597 
7036.5 68.968 557 

7037 69.535 502 
7037.5 71.08 554 

7038 73.287 576 
7040 73.755 550 
7041 72.221 557 

7041.5 73.121 470.333 
7042 72.625 446 

7042.5 70.871 517 
7042.75 70.581 556.666 

7043 71.301 516.25 
7043.5 72.139 460.25 
7044.5 62.062 630 

7045 62.534 604 
7046 67.365 626 
7047 68.718 483.333 

7048.5 62.128 633.2 
7049 59.879 627 
7050 58.551 660 

7050.5 57.902 667 
7051 57.05 670 

7051.5 56.584 654 
7051.75 56.299 653.75 

7052 55.782 648 
7052.5 55.246 698 

7053 55.672 692 
7053.5 56.778 668 

7054 57.637 643.25 
7055 58.765 596 

7056.5 56.751 652 
7057 56.845 646 

7057.5 57.1 634.8 
7058 57.4 641 

7058.5 57.643 619 
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7064 58.639 637 
7072 58.528 643 

7072.5 58.159 629 
7073 57.704 640 
7074 56.997 645.75 

7074.25 56.877 639 
7074.5 56.764 644.285 

7075 56.76 656 
7075.5 57.04 635 

7076 58.052 634 
7076.5 59.412 617 

7077 61.315 630 
7077.5 63.763 631.6 

7078 66.47 618 
7079 72.628 622 

 
  



82 

APPENDIX C 

SM PATRIOT BAMBINO TEST RESULTS 

Depth Sonic HLD 
8061 74.758 563.3333 

8061.5 74.052 573.6667 
8062 73.679 597.4 

8062.5 73.82 602 
8064 73.176 583 
8065 72.415 597 
8066 72.057 565.5 
8067 70.953 600.25 
8068 70.339 590.3333 
8069 69.2 602.25 
8070 69.532 597.4 
8071 72.236 552 

8071.5 73.988 561.75 
8072 75.728 597.2 
8073 78.427 591.3333 
8074 78.705 581.3333 
8075 77.772 540.25 
8076 78.247 546.3333 
8077 83.168 530 
8078 87.583 565.3333 

8078.5 88.311 539.75 
8079 86.843 561.25 
8080 81.961 554.3333 
8081 78.575 603.25 

8081.5 79.992 549 
8082 82.579 538 
8083 87.607 583.8 
8084 88.719 542.3333 
8085 86.498 543.3333 
8086 83.667 571.5 
8087 82.573 596 
8088 84.373 568 
8089 86.163 561.8 
8090 85.902 563.5 
8091 85.244 559.75 
8092 82.482 574.6667 
8093 80.948 611 

8094 82.604 590.3333 
8095 84.508 504 
8096 83.537 612.75 
8097 84.014 603.75 
8098 84.221 584.5 
8099 82.872 609.75 
8100 82.089 624.8 
8101 83.956 584.8 
8102 78.38 563.3333 
8103 75.325 626.8 
8104 75.042 598.3333 
8105 74.675 599 
8106 74.098 610.25 
8107 74.421 554 
8108 76.931 590 
8109 78.519 569.25 
8110 76.262 607 
8111 72.76 609.4 
8112 71.851 616.4 
8113 72.157 610 

8113.5 72.631 568.2 
8114 73.44 551.125 
8115 75.799 620 
8116 77.374 594.4286 
8117 76.121 578.75 
8118 72.889 615.2 
8119 71.159 625.6 
8120 71.554 598 
8121 72.381 592.4 
8122 72.662 586 
8123 72.794 565.6667 
8124 72.97 585 
8125 72.689 622.5 
8126 72.892 593.1667 
8127 76.01 604.25 
8128 77.106 558.6667 
8129 74.678 562.3333 
8130 73.264 604.3333 

8131 73.468 560 
8132 74.287 577.4 
8133 76.025 535 
8134 77.646 577 
8135 78.668 552.5 
8136 76.414 554 
8137 76.62 573.25 
8138 78.503 582.6 
8139 78.416 570.8 
8140 77.238 641.4286 
8141 80.934 585.75 
8142 80.135 598.2 
8143 79.386 592 
8144 78.848 596.6 
8145 79.264 622.75 
8146 77.329 620 
8147 72.768 634 
8148 74.407 605.5 
8149 76.323 606.4 
8150 77.677 601 
8151 76.543 617.5 
8152 73.649 620.2 
8153 72.237 624 
8154 72.443 623.4 
8155 73.321 615.6 
8156 73.837 608 
8157 73.321 621.3333 
8158 72.531 630 
8159 71.905 622.75 
8160 71.298 606.8 
8161 70.908 624.4 
8162 70.867 615.3333 
8163 70.93 637.25 
8164 70.439 632.8 
8165 69.597 638.3333 
8166 71.453 622 
8167 73.627 627 
8168 72.01 613.6667 
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8169 69.345 628 
8170 70.711 609.25 
8171 72.242 621.8 
8172 69.83 625.5 
8173 67.87 634.2 
8174 68.3 612.2 
8175 69.024 626.4 
8176 69.19 614.4 
8177 69.014 597.4 
8178 67.995 614.2 
8179 66.632 626.8333 
8180 67.219 613.2 
8181 68.278 590.6 
8182 68.399 592.75 
8183 68.524 587.5 
8184 68.777 592 
8185 71.055 558.5 
8186 72.81 589.6 
8187 71.498 604.5 
8188 72.128 580.8333 
8189 72.204 570.75 
8190 70.777 583 
8191 70.994 549 
8192 72.645 569 
8193 74.099 539 
8194 74.028 553 
8195 73.873 541 
8196 74.281 543 
8197 74.91 550 
8198 75.029 524 
8199 74.336 547 
8200 73.252 535 
8201 72.815 575 
8202 78.414 489 
8203 83.454 491 
8204 84.081 529.25 
8205 84.658 541.75 
8206 86.046 524.3333 
8207 87.303 540.2 
8208 86.893 552.3333 
8209 83.385 564.2 

8210 83.288 559.25 
8211 83.854 527 
8212 85.879 559.6667 
8213 88.36 533.4 
8214 88.947 505.75 
8215 88.547 529 
8216 87.119 515 
8217 85.779 537.75 
8218 84.476 544.25 
8219 82.884 547.75 
8220 82.035 550.2 
8221 82.375 549.3333 
8222 84.239 530.25 
8223 85.788 543.8 
8224 85.469 525.6 
8225 85.235 534.25 
8226 84.492 548.75 
8227 83.512 556.8 
8228 83.807 550.5 
8229 84.534 547.4 
8230 84.816 561.2 
8231 84.866 570 
8232 86.463 527.75 
8233 88.495 550.8333 
8234 87.144 550 
8235 83.464 579.75 
8236 84.971 553.6667 
8237 86.366 551.25 
8238 86.95 534.5 
8239 88 561.75 
8240 85.654 550 
8241 84.448 549.2 
8242 84.252 551.4 
8243 83.066 568 
8244 83.355 549.3333 
8245 84.564 561 
8246 84.68 550.2 
8248 84.548 537.75 
8249 84.36 524.8 
8250 84.021 547.6667 
8251 84.517 545 

8151.5 75.144 550 
8252 84.57 542 
8253 83.668 544.6 
8254 83.801 538.6667 
8255 84.632 551.8 
8256 83.989 570.75 
8257 82.164 540.5 
8258 81.249 565.8 
8259 81.049 560.6667 
8260 80.329 571.8 
8261 81.321 554.3333 
8262 84.191 550.4 
8263 87.289 545.25 
8264 88.436 552.4 
8265 87.209 564.4 
8266 84.828 524.6667 
8267 82.855 549.6667 
8268 81.431 554.75 
8269 80.778 608.3333 
8270 81.503 590.25 
8271 83.02 601.6 
8272 83.039 578.25 
8273 81.86 590 
8274 80.779 566.6667 
8275 80.228 602.3333 
8276 80.316 585.25 
8277 80.859 572.5 
8278 81.762 572.8 
8279 82.646 570.25 
8280 83.293 560.25 
8281 83.666 566.5 
8282 83.812 568.75 
8283 83.767 569.75 
8284 83.04 568.5 
8285 81.174 567.5 
8286 79.108 577.4 
8287 78.627 607.4 
8288 78.971 584.25 
8289 77.556 625.5 
8290 81.22 614.6667 
8291 86.113 581.75 
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8292 85.118 576.6667 
8293 84.514 569 
8294 85.612 555.8 
8295 85.998 556 
8296 86.757 566 
8297 86.602 582.8333 
8298 86.246 569.6 
8299 86.532 558.5 
8300 83.333 614.2 
8301 80.625 631.2 

8302 82.252 599.25 
8303 85.788 558.25 
8304 86.657 545 
8305 85.41 552.25 
8306 88.083 551.6 
8307 91.282 525 
8308 91.651 583.75 
8309 92.429 580 
8310 92.837 510.5 
8311 93.373 615.6667 

8312 89.634 620.8571 
8313 85.255 606.3333 
8314 83.013 633 
8315 81.254 664.75 
8316 82.038 653.4286 
8317 85.125 637.75 

8317.5 86.137 625.6667 
8318 86.043 644.3333 
8319 83.618 659.3333 

! ! !
! ! !
! ! !
! ! !
! ! !
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APPENDIX D 

BBC TALMADGE BAMBINO TEST RESULTS 

Depth Sonic HLD 
7167 75.057 575 

7167.5 74.499 596 
7168 73.555 583 

7168.5 72.632 575 
7169 71.587 575 

7169.5 72.874 597 
7170 77.939 479 

7170.5 83.525 534 
7171 86.685 516 

7171.5 88.903 542 
7172 89.617 546 

7172.5 88.891 552 
7173 87.446 545 

7173.5 86.325 553 
7174 86.29 547 

7174.5 86.56 553 
7175 87.293 554 

7175.5 88.063 524 
7176 88.804 544 

7176.5 89.532 499 
7177 89.612 494 

7177.5 89.375 456 
7178 88.86 536 

7178.5 88.046 536 
7179 87.247 518 

7179.5 86.48 553 
7180 85.631 535 

7180.5 85.203 563 
7181 85.358 553 

7181.5 85.931 534 
7182 86.391 544 

7182.5 86.8 527 
7183 87.12 543 

7183.5 87.318 543 
7184 87.542 537 

7184.5 87.357 550 
7185 87.028 483 

7185.5 86.74 502 
7186 86.49 561 
7187 86.256 540 

7187.5 86.309 534 
7188 86.654 545 

7188.5 87.018 543 
7189 87.37 546 

7189.5 87.556 569 
7190 87.177 522 

7190.5 86.618 575 
7191 85.913 569 

7191.5 85.055 538 
7192 83.832 557 

7192.5 82.435 576 
7193 81.243 565 

7193.5 79.847 575 
7194 78.963 556 

7194.5 78.588 549 
7195 78.307 566 

7195.5 78.043 515 
7196 77.783 572 

7196.5 77.574 554 
7197 77.476 558 

7197.5 77.28 576 
7198 77.072 520 

7198.5 76.904 563 
7199 77.168 532 

7199.5 77.879 533 
7200 78.774 562 

7200.5 79.386 560 
7201 79.468 561 

7201.5 78.958 559 
7202 78.032 549 

7202.5 76.923 571 
7203 75.832 510 

7203.5 74.535 554 
7204 73.684 505 

7204.5 74.233 587 

7205 75.077 574 
7205.5 75.944 579 

7206 76.747 566 
7206.5 77.294 545 

7207 77.336 585 
7207.5 76.911 577 

7208 76.093 551 
7208.5 75.082 561 

7209 74.062 585 
7209.5 73.079 576 

7210 72.699 593 
7210.5 72.782 572 

7211 73.142 466 
7211.5 73.811 564 

7212 74.019 565 
7212.5 73.91 555 

7213 74.011 552 
7213.5 74.576 567 

7214 75.735 562 
7214.5 76.304 543 

7215 76.544 543 
7215.5 76.663 573 

7216 76.428 569 
7216.5 75.41 575 

7217 74.699 569 
7217.5 74.316 598 

7218 74.579 521 
7218.5 74.775 578 

7219 75.152 512 
7219.5 75.767 541 

7220 76.436 550 
7220.5 77.226 568 

7221 78.146 583 
7221.5 78.865 530 

7222 79.035 556 
7222.5 78.87 592 

7223 78.529 543 
7223.5 77.994 538 
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7224 77.471 589 
7224.5 77.471 589 

7225 78.094 561 
7225.5 78.826 538 

7226 79.112 585 
7226.5 79.257 552 

7227 79.275 549 
7227.5 79.69 549 

7228 80.183 575 
7228.5 81.057 573 

7229 81.928 556 
7229.5 81.753 573 

7230 81.429 571 
7230.5 81.1 542 

7231 80.839 537 
7231.5 80.963 598 

7232 80.981 569 
7232.5 80.438 574 

7233 79.252 508 
7233.5 77.622 574 

7234 76.375 492 
7234.5 75.489 552 

7235 75.391 573 
7235.5 76.079 567 

7236 76.875 591 
7236.5 77.709 546 

7237 78.416 520 
7237.5 78.709 598 

7238 78.546 602 
7238.5 78.273 566 

7239 77.798 584 
7239.5 77.154 574 

7240 76.483 593 
7240.5 75.809 582 

7241 75.194 581 
7241.5 74.735 543 

7242 74.761 611 
7242.5 75.141 577 

7243 75.497 568 
7243.5 75.219 588 

7244 74.865 558 

7244.5 74.415 581 
7245 73.912 573 

7245.5 73.843 580 
7246 74.033 585 

7246.5 73.792 564 
7247 73.421 566 

7247.5 73.194 582 
7248 73.302 580 

7249.5 74.277 472 
7250 75.041 550 

7250.5 75.546 589 
7251 75.903 578 

7251.5 76.194 592 
7252 76.412 597 

7252.5 76.494 573 
7253 76.268 585 

7253.5 75.817 587 
7254 75.378 606 

7254.5 74.98 586 
7255 74.517 591 

7255.5 73.88 599 
7256 73.442 587 

7256.5 73.176 602 
7257 72.994 595 

7257.5 72.942 607 
7258 73.131 586 

7258.5 73.507 592 
7259 74.19 584 

7259.5 75.179 596 
7260 75.674 571 

7260.5 75.296 571 
7261 74.432 582 

7261.5 72.94 578 
7262 71.763 593 

7262.5 71.321 574 
7263 71.256 589 

7263.5 71.376 550 
7264 71.749 590 

7264.5 71.871 582 
7265 71.877 588 

7265.5 71.938 586 

7266 72.123 594 
7266.5 72.121 598 

7267 71.867 599 
7267.5 71.372 565 

7268 70.438 593 
7268.5 69.759 601 

7269 69.448 609 
7269.5 69.591 588 

7270 70.296 580 
7270.5 70.839 566 

7271 71.018 551 
7271.5 71.117 565 

7272 70.981 578 
7272.5 70.95 555 

7273 71.166 562 
7273.5 71.5 567 

7274 71.692 552 
7274.5 71.871 580 

7275 72.039 556 
7275.5 72.677 551 

7276 73.453 569 
7276.5 74.286 583 

7277 75.16 544 
7277.5 75.588 564 

7278 75.427 527 
7278.5 75.289 585 

7279 75.163 538 
7279.5 75.322 545 

7280 76.053 565 
7280.5 76.631 574 

7281 76.496 499 
7281.5 75.739 498 

7282 75.148 549 
7282.5 75.012 589 

7283 75.706 563 
7283.5 77.105 548 

7284 78.356 561 
7284.5 77.921 567 

7285 77.81 529 
7285.5 77.906 546 

7286 78.339 544 
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7286.5 78.723 560 
7287 78.989 539 

7287.5 79.569 556 
7288 80.33 550 

7288.5 81.17 560 
7289 80.984 537 

7289.5 80.25 559 
7290 79.418 533 

7290.5 78.802 602 
7291 78.389 568 

7291.5 78.12 562 
7292 78.007 593 

7292.5 78.435 549 
7293 79.211 542 

7293.5 80.059 529 
7294 80.874 497 

7294.5 81.628 506 
7295 82.451 513 

7295.5 83.321 452 
7296 84.107 439 

7296.5 84.758 526 
7297 84.824 502 

7297.5 85.002 486 
7298 85.232 461 

7298.5 85.305 488 
7299 85.315 520 

7299.5 85.383 491 
7300 85.803 444 

7300.5 86.288 472 
7301 86.897 470 

7301.5 87.861 484 
7302 88.446 507 

7302.5 88.698 466 
7303 88.811 403 
7304 89.052 371 
7306 89.495 433 
7307 88.099 441 
7308 86.432 436 

7308.5 86.076 476 
7309 86.238 438 
7310 87.569 438 

7310.5 88.378 369 
7313.5 87.85 447 

7314 85.926 518 
7314.5 83.644 522 

7315 81.124 553 
7315.5 79.816 548 

7316 78.975 557 
7316.5 78.892 560 

7317 79.631 560 
7317.5 80.798 536 

7318 81.64 527 
7318.5 81.841 491 

7319 81.456 519 
7319.5 80.78 524 

7320 80.138 540 
7320.5 79.947 552 

7321 80.499 562 
7321.5 81.161 533 

7322 81.798 483 
7322.5 82.148 470 

7323 82.01 501 
7323.5 81.536 524 

7324 80.628 548 
7324.5 79.524 530 

7325 79.118 559 
7325.5 79.071 569 

7326 79.389 559 
7326.5 80.307 489 

7327 81.446 487 
7327.5 82.346 546 

7328 82.598 537 
7328.5 82.934 499 

7329 83.314 540 
7329.5 83.571 531 

7330 83.073 545 
7330.5 82.339 533 

7331 81.798 514 
7331.5 80.986 524 

7332 80.446 554 
7332.5 80.559 553 

7333 80.617 561 

7333.5 80.626 540 
7334 80.702 528 

7334.5 81.012 547 
7335 81.219 516 

7335.5 81.253 451 
7336 81.232 534 
7337 80.819 550 

7337.5 80.439 535 
7338 79.984 521 

7338.5 79.827 541 
7339 80.025 554 

7339.5 80.313 524 
7340 80.6 564 

7340.5 80.807 533 
7341 80.707 523 

7341.5 80.638 510 
7342 80.623 553 

7342.5 80.656 515 
7343 80.861 540 

7343.5 81.531 523 
7344 82.231 551 

7344.5 82.595 536 
7345 82.656 497 

7345.5 82.334 514 
7346 81.868 495 

7346.5 81.406 530 
7347 80.822 569 

7347.5 80.653 514 
7348 80.894 544 

7348.5 81.279 549 
7349 81.787 509 

7349.5 82.335 439 
7350.5 83.514 540 

7351 84.003 493 
7351.5 84.432 428 

7352 85.072 538 
7352.5 85.349 491 

7353 85.022 483 
7353.5 84.698 543 

7354 84.425 516 
7355 83.872 500 



88 

7355.5 83.638 549 
7356 83.569 561 

7356.5 84.005 556 
7357 84.954 552 

7357.5 85.773 515 
7358 86.211 488 

7358.5 86.07 576 
7359 86.245 535 

7359.5 86.334 465 
7360 86.799 542 

7360.5 86.242 557 
7361 86.305 527 

7361.5 86.63 508 
7362 86.625 502 

7362.5 86.683 568 
7363 87.083 455 

7363.5 87.674 443 
7364 88.328 486 

7364.5 88.87 519 
7365 89.043 539 

7365.5 89.154 516 
7366 89.256 524 

7366.5 89.121 491 
7367 89.066 529 

7367.5 88.968 509 
7368 88.615 522 

7368.5 87.873 525 
7369 87.102 507 

7369.5 86.366 533 

7370 85.904 520 
7370.5 85.593 536 

7371 85.384 543 
7371.5 85.431 561 

7372 85.934 534 
7372.5 86.488 542 

7373 87.233 487 
7373.5 88.342 494 

7374 88.979 553 
7374.5 88.876 548 

7375 88.774 485 
7375.5 88.648 513 

7376 88.123 544 
7376.5 87.386 550 

7377 86.782 548 
7378 86.531 562 

7378.5 87.421 533 
7379 88.03 561 

7379.5 88.294 548 
7380 88.668 533 

7380.5 88.864 521 
7381 89.231 529 

7381.5 89.779 553 
7382 90.55 544 

7382.5 91.66 548 
7383 92.437 550 

7383.5 93.195 531 
7384 94 485 

7384.5 94.631 541 

7385 94.815 519 
7385.5 94.877 525 

7386 95.036 497 
7386.5 95.382 519 

7387 96.09 502 
7387.5 96.958 497 

7388 97.395 508 
7388.5 96.77 490 

7389 95.466 508 
7389.5 93.388 525 

7390 91.444 500 
7390.5 89.498 551 

7391 87.9 459 
7391.5 86.523 492 

7392 85.715 572 
7392.5 85.386 576 

7393 85.454 521 
7394 86.455 507 

7394.5 86.932 480 
7395 87.403 567 

7395.5 87.603 490 
7396 86.946 469 
7397 85.578 503 

7398.5 86.364 478 
7399 85.558 516 

7399.5 84.476 568 
7400 82.936 473 

 


