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Abstract 

 

Distinguishing Muddy Turbidites and Wave-Influenced Muddy 

Turbidites from Hemipelagic Deposits Using Grain Fabric: An 

Experimental Approach 

 

David Michael Brown, M.S. Geo. Sci. 

The University of Texas at Austin, 2015 

 

Supervisor:  David C. Mohrig 

 

Since mudstones comprise the majority of deepwater deposits, an ability to 

distinguish between the various depositional styles associated with these rocks is 

scientifically and economically important.  Of particular significance is distinguishing 

between hemipelagic deposits that typically represent a relative shutdown of the 

depositional system and muddy turbidites representing the distal fringe of active 

depocenters.  Distinguishing hemipelagic deposits from muddy turbidites is also 

important to the study of unconventional hydrocarbon reservoirs because systematic 

spatial change in deposit properties that include laminae thickness, grain size and grain 

sorting are only expected in the case of muddy turbidites.   

Despite their importance to marine and submarine sedimentology and 

stratigraphy, there are few measurements that directly compare the grain fabrics of 

hemipelagites and muddy turbidites.  We have now collected such a data set using 

experimentally created muddy turbidites, muddy wave-influenced turbidites, and 
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hemipelagic deposits that start with the identical original distribution of mud-size quartz 

grains. We are able to unambiguously compare the grain fabric generated by each 

depositional style in three dimensions. Using high-resolution, X-ray computed 

tomography, we are able to measure and quantify the trend and plunge for the long axes 

of individual silt grains composing each style of deposit. All three deposit types preserve 

approximately the same distribution of dip angles for the long axes of grains, making this 

an unreliable metric for distinguishing between the three studied styles of mud 

deposition.  Fortunately, a significant difference was found in the compass direction for 

the long axes of grains in the three deposit types, as well as primary porosity.  Grains in 

turbidites and wave-influenced turbidites have a preferred long-axis trend that is oriented 

parallel to the transport direction and a secondary orientation that is aligned transverse to 

the flow direction.  This grain alignment is best developed in those grains that are most 

oblate- and blade-shaped, as measured using the Corey Shape Factor and Flatness factor, 

respectively. The settling-only deposits connected with hemipelagic sedimentation record 

no preferred orientation for the long axes of grains.
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CHAPTER 1: INTRODUCTION 

1.1. WHY DO WE CARE? 

Characterization of physical rock properties is a major focus area in hydrocarbon 

exploration, development, and production. A great deal of work is done to accurately 

describe porosity, pore networks, and permeability, and this data is especially important 

in cases where fine-grained formations are concerned (Sarker 2009). Since drilling full-

sized cores is expensive, these rock-property studies are commonly performed using 

sidewall cores and drill cuttings, which vary from 1 cm3 to sub-mm3 in size. With such a 

small sample size, analyses using micro-computed tomography (μXCT) scans to define 

the grain framework are becoming increasingly popular (Bhandari, Flemings, et al. 

2015). This digital approach to rock physics has the advantage over classical laboratory 

analyses in that the sampling method is non-destructive (Krzikalla, 2011). As will be 

shown here, sedimentary grain fabric analysis can also be performed using the μXCT 

technology. 

 In deepwater environments, distinguishing between hemipelagites and 

turbidites is difficult even with full size cores, let alone sidewall cores or cuttings. The 

two styles of deposition can create expansive, sheet-like deposits composed of silt-sized 

quartz grains, clay floccules, and the tests of micro-organisms that are found in varying 

proportions to one another (Stow, 2002). The correct interpretation of a deposit as either a 

hemipelagite or turbidite is important to the accurate correlation of spatially separated 

sand bodies and can make the difference between a successful and inaccurate reservoir 

model. 

1.2. GRAIN FABRIC 
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Since the first usages of clast orientation to infer current action (Ruedemann, 

1897; Sander, 1936) through latter studies connecting clast orientation to both mode of 

sediment transport and paleo-flow direction (Allen, 1984; Pettijohn et al., 1987; 

Hailwood et al., 1999a), numerous methods of have been developed that quantify grain 

fabric. Petrographic analysis of the preferred orientation of the apparent long-axes of 

grains has commonly been performed using thin sections and electron microscope 

imaging. A shortcoming in results generated using this method is the two dimensionality 

of both analyses. What appears to be a grain’s long axis in thin section may in reality be 

the cut defining a length that is only slightly greater than its short axis. We use a 

tomographic volume that resolves the individual silt grains to unambiguously measure 

the trend and plunge for the long-axes of grains within a deposit and relate these values to 

measurements of grain shape and size. These data from a digital, grain-resolving, deposit 

volume are then connected to the transport and depositional mechanisms that produced 

the experimental deposit. The result is a data set that identifies the degree to which simple 

and wave-influenced turbidites can be distinguished from each other, as well as separated 

from hemipelagites, based on properties of the grain fabric alone. 
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CHAPTER 2: METHODS 

2.1. MUDDY TURBIDITY CURRENT EXPERIMENT 

2.1.1. Tank and reservoir set-up  

To create a flow of constant velocity and volumetric sediment concentration for each 

turbidity current, a reservoir-pump-constant head tank system was used. A 950 L 

reservoir was filled with 892 ± 6 L of tap water and 8.6 ± 0.4 L (22.65 kg) of silica flour 

to create a mixture with a silica concentration of ≈ 1% by volume. A large mixing blade 

agitated the mixture throughout the course of the flow to prevent change in concentration. 

This sediment + water mixture was then pumped up to the head tank which contained an 

overflow weir to ensure a constant hydraulic head of 190 cm and a constant discharge 

through a 5-cm diameter pipe and into the test channel. This inner channel was 25 cm 

wide, inclined 1.5° from horizontal, and sat within a larger horizontal outer tank, 10 m 

long, 0.6 m wide, 1.2 m deep (Fig. 1). 

Figure 1. Schematic diagram of experimental setup for turbidity currents. 
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Following an initial expansion of the flow as it entered the inner channel, the flow 

stabilized into a 3-4 cm thick fully turbulent gravity current lasting 8-32 minutes, 

depending on desired deposit thickness (Fig. 2).  

 

 
Figure 2. Dilute turbidity current (1% 60 μm silica, 99% water by volume) flowing 

downslope. The grid is marked in 0.10 m increments.  

 

Inlet effects were restricted to the first 30 cm of the channel. At the downstream 

end of the larger tank each current plunged into a trough and was slowly drained from the 

system to negate any flow reflection. These experimental conditions were held constant 

for all turbidity currents. The influence of waves on currents and their deposits was 

studied by adding a wave maker to this system. The wave maker was installed at the 

downstream end of the larger tank and adjusted to create surface waves with a 

characteristic amplitude of about 4 cm, a wavelength of about 250 cm, and a period of 

about 1 s. 

2.1.2. Input Sediment 
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The sediment used is all experiments was Silica 200 produced by the U.S. Silica 

Company. Its size distribution (Fig. 3) was measured using a Malvern Mastersizer 3000, 

laser-diffraction particle-size analyzer.  

 
Figure 3. Comparison of the particle-size distribution of sediment used in all experiments 

(solid line) to the particle-size distributions generated from the tomographic imaging of 

deposits and used in deposit fabric analyses (dashed lines). Distributions of particles used 

in all fabric analyses are coarser-grained than the input sediment distribution because: (1) 

the finest grain sizes did not accumulate on the bed and are underrepresented in all 

deposits; and (2) accurate tomographic imaging of particles is a function of the irradiated 

sample size and here is limited to medium silt and larger grains. The input grain-size 

distribution for all experiments was measured using a Malvern Mastersizer 3000, laser-

diffraction particle-size analyzer (solid line). 

 

Grain textures vary from angular to subrounded (Powers, 1956). Thirty percent of all 

grains in the input sediment are smaller than 20 microns in nominal diameter. The 

representative grain size for deposits of muddy turbidity currents as a function of distance 

from the inner-channel inlet is shown in Figure 4.  
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Figure 4. Downslope reduction in grain size measured for an experimental turbidite. 

Deposit was sampled at 50 cm intervals and measured using a Malvern Mastersizer 3000 

laser-diffraction particle-size analyzer. D90, d50, and d10 represent volume % of grains 

below that size fraction: d10 = 10% of grains smaller than this size, d50 = 50% of grains 

smaller than this size, d90 = 90% of grains smaller than this size. 

These data, also measured using the Mastersizer 3000 reveal a systematic 

reduction in grain size and particularly the coarsest grain size with travel distance. 

Comparison of the data in figures 3 and 4 reveals that deposits are significantly enriched 

with the coarser grain sizes relative to the input distribution of particle sizes. Many of the 

finest grains bypass the sampling area.  

 

2.1.3. Muddy Turbidity Currents 

Eight successive 16-minute-long currents were created and released into the inner 

channel, creating a deposit similar to that seen in Figure 5. This sequential release 
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produced eight stacked turbidites that in total were thick enough to successfully sample 

for tomographic analysis.  

 

 
Figure 5. Deposit consisting of 8 turbidites deposited by 8 similar dilute turbidity currents 

lasting 32 minutes each. Each turbidite is capped by a thin but noticeable layer of post-

flow suspended fines (< 10 μm). The stack of 8 turbidites is 0.05-m-thick. 

Each simple turbidity current lasted for 16 minutes from start to finish. The 

current was fully turbulent, consisted of 1% silica by volume, with a body thickness of 3-

4 cm, and had an average frontal head velocity of 4 cm/s. To measure the internal 

velocity of a current an Aquadopp Acoustic-Doppler Velocity Profiler (ADP) was placed 

150 cm downstream of the inlet within the inner channel, sampling at 4 Hz, for 2 

minutes. The representative velocity profile (Fig. 6) exhibits a characteristic turbidity-

current shape with a maximum downslope velocity of 3 cm/s positioned in the lower half 

of the current.  
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Figure 6. Profile of mean downslope velocity for a dilute turbidity current at 1.50 m 

downstream from the inlet. Profile was collected using a Nortek ADP beginning 4 

minutes after start of flow. Sampling frequency at 4 Hz, cell size is 0.01 m. 

 

Deposit aggradation rate was measured with the ADP over 2 minutes and visually 

over the course of the entire flow using video at the sampling position. Both methods 

yielded a bed aggradation rate of 0.19 mm/minute, creating an individual deposit of 

thickness 3±0.2 mm. Beginning one hour after a flow ended, water in the tank was cycled 

slowly for 6-12 hours to remove cloudiness caused by the finest grains still in suspension. 

After all flows were completed, the water was drained from the tank over a course of 15 

hours so as not to disturb the deposit. The deposit was left exposed to air for 48 hours to 

partially dry, producing a cohesive deposit appropriate for sampling. A 10 cm x 10 cm 

block was carefully cut out of the deposit 150 cm downstream from the inlet. With flow 
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direction recorded, a 2 cm square cube was cut from this deposit and immediately put 

into the μXCT scanner. The deposit remained intact throughout the scan. 

 

2.2. MUDDY TURBIDITY CURRENTS + WAVES 

Tank set up, sediment concentration, and inner-channel inclination remained 

unchanged between experiments with simple turbidity currents and currents with wave 

motion added. A wave maker with adjustable amplitude and frequency settings was 

added at the end of the tank. It had a water-displacement plate that was 61 cm wide and 

50 cm tall, hinged at the bottom and attached to the motor arm at the top. The plate was 

submerged 46 cm beneath the water line and motor settings were adjusted until standing 

waves with an amplitude of 4 cm, wavelength of 250 cm, and a frequency of 1 Hz were 

created. A single 32 minute current without wave influence was created to build up 

deposit thickness. Afterward, four discrete 8 minute long, 1% concentration, 3-4 cm thick 

flows were created under wave influence, with 6-12 hour breaks in between to cycle the 

ambient water in the tank. The flow’s deposition rate measured with the ADP was 0.16 

mm/minute resulting in a deposit 1.25±0.2 mm thick. Wave action imposed a pulsating 

pattern onto the mean flow with the turbidity current always moving forward, but with 

alternating slow and fast periods The ADP was inserted 1.5 m downstream of the inlet 

and 0.30 m above the base of the inner channel. The combined flow was measured at 4 

Hz for 2 minutes using a cell size of 0.01 m. A velocity time series at 1, 2, and 3 cm 

above the bed is presented in Figure 7.  
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Figure 7 (top). Unfiltered time series of mean velocity for a wave-influenced, dilute 

turbidity current at three positions within the current. Velocity was measured at 1.5 m 

downstream from inlet using a Nortek ADP sampling at 4 HZ with a 0.01 m cell size. 
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Water surface waves interacting with the turbidity current had a characteristic wavelength 

of 2.50 m, amplitude of 0.04 m, and period of 1 s. At 0.01 m above the bed, the velocity 

for the wave-influenced turbidity current oscillates between 0.03 and 0.04 m/s.  Without 

waves, the maximum velocity for an otherwise similar current is only 0.028 m/s (Fig. 6).  

(Bottom). Down-slope velocity profiles of the current from left to right at 2.75 s, 3.5 s, 

and 4 s. 

Deposit sampling procedures were identical to those used for a current without 

waves. The deposit was left exposed to air for 48 hours to partially dry but still maintain 

enough cohesion in order to be cut and remain stable. An 8 cm x 15 cm block was 

carefully cut out of the deposit 150 cm downstream from the inlet. An oriented 2 cm 

square cube was cut from this larger deposit and immediately put into the CT scanner. 

The deposit remained intact throughout the scan. 

 

2.3. HEMIPELAGIC SEDIMENTATION 

In order to simulate the hemipelagic settling of grains from suspension, a 200 cm 

tall, 25 cm diameter settling tube was constructed. The tube was filled with 190 cm of 

water and contained two 4.5-cm deep, 10-cm diameter catchment cups at its base (Fig. 8).  
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Figure 8. Left) Set up for hemipelagic sedimentation experiment. Settling tube is 0.25 m 

in diameter and 2 m tall. Hose in place to cycle and clear the tube water following a 

sedimentation event. Right) Sampling cup inserted at the bottom of the tube. The cup was 

first cut in half then resealed using tape that is easily removed so that an undisturbed 

sample can be straightforwardly extracted post-experiment. 

Five settling events were created to build up a deposit thick enough to 

successfully sample. A mixture of the U.S. Silica 200 sediment and water was made in a 

bucket, stirred, and emptied into the settling pipe over 10 minutes. The sediment was 
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allowed to settle for 65-135 minutes, depending on the event, before cycling the water 

column began in order to remove any possible contamination of the following events by 

previous sedimentation events. After settling event 2.5 (Table 1), water was drained from 

pipe and the catchment cups were left in open air to dry for 18 hours. One catchment cup 

was split open along a pre-cut seam (Fig. 8) and a 5 mm x 5 mm x 24.1 mm block was 

carved out of the deposit (Fig. 9) and immediately taken to the CT scanner.  

 
Event  Sediment Vol. Settling Time Deposit Thickness 

2.5 226 ± 10 cm^3 135 min. 9.3 mm 

2.4 151 ± 10 cm^3 65 min. 4.1 mm 

2.3 115 ± 10 cm^3 107 min. 3.6 mm 

2.2 151 ± 10 cm^3 94 min. 4.1 mm 

2.1 115 ± 10 cm^3 111 min. 3.0 mm 

Table 1. Characteristics of hemipelagic settling events. Sediment volume indicates the 

volume of sediment within a sediment/water mixture poured into the settling pipe. 

Settling time represents elapsed time between pouring the mixture into the tank and 

cycling the water column. Deposit thickness was measured from the CT scan. 
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Figure 9. Hemipelagic deposit consisting of 5 discrete sedimentation events 

(uninterpreted photo right, interpreted photo left). Finest grained caps (blue) to the 

individual deposits are composed of grains < 10 μm in diameter. Deposit is 24.1 mm 

thick. Sample was trimmed down in size so that it could fit inside the Xradia CT Scanner. 
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CHAPTER 3: DATA 

3.1. COMPUTED TOMOGRAPHY 

Computed tomography (CT) began as an imaging resource in the medical field 

but has recently seen increased use in the characterization of rock properties. CT provides 

non-destructive three-dimensional (3D) visualization of the interior of a solid (Fig. 10, 

11, 12, 13). Our samples were scanned at The University of Texas at Austin High-

Resolution X-ray CT Facility (http://www.ctlab.geo.utexas.edu). All turbidite samples 

were scanned at 70kV, 10W, using a 4 s acquisition time that produced a voxel 

dimension of 3.51 microns.  
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Figure 10. X-ray tomographic image of a turbidite using Avizo Fire; the sample was 

deposited by a 16 minute-long dilute turbidity current.   The edge-length for voxels in this 

CT volume is 3.51 μm.  
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Figure 11. Flow parallel, cross-sectional (x-z plane) slice through a simple turbidite. 

Fine-grained caps defining the base and top of the deposit are seen as light-gray 

horizontal layers in this tomographic image. Black coloring defines pore space. The voxel 

edge-length associated with this x-ray generated tomographic volume is 3.51 μm. 
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Figure 12. X-ray tomographic image of two complete deposits from wave-influenced 

turbidity currents. These two wave-influenced turbidites are capped at the base and top by 

partially imaged deposits from turbidity currents that did not move through a wave field. 

The reduced porosity associated with the wave-influenced turbidites makes these deposits 

misleadingly appear finer grained than their current-only counterparts. The edge-length 

for voxels in this CT volume is 3.51 μm.  
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Figure 13. Flow parallel, cross-sectional slice through two, wave-influenced turbidites. 

Three fine-grained caps defining the bases and tops of the two deposits are seen as light-

gray horizontal layers in this tomographic image. Black coloring defines pore space. The 

voxel edge-length associated with this x-ray generated tomographic volume is 3.51 μm. 

The observed 6° bed inclination is a sampling artifact and was corrected during post-

processing associated with the fabric analysis. 

 

 

The CT volume is generated using a microfocal X-ray beam that is directed at an 

object which is being rotated on a gantry to ensure that the beam hits the object from all 
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directions. Attenuation of X-ray intensity caused by passage through the object is 

measured by a linear array of detectors and the resulting data are used to generate a cross-

sectional image (slice) through the object along that plane. This slice has a thickness and 

resolution that is equal to the voxel edge length (cubic pixel = voxel).  The slices 

presented in Figures 11, 13, 14, and 15 are greyscale images where the value of each 

voxel represents the X-ray attenuation coefficient, determined by atomic number, density, 

and X-ray energy.  
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Figure 14. X-ray tomographic image of 5 hemipelagic deposits. ‘Bright’ coarse grains 

define the bottoms of depositional events while ‘dull’ fine-grained intervals define their 

tops. Differing bed thicknesses are the result of different settling times and input 

sediment volumes (see Table 1). A voxel edge-length of 7.89 μm is associated with this 

CT volume containing all 5 laminae. 
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Figure 15. Three horizontal slices through bed 2.4 (Table 1, Fig. 12) defining the grain 

size, sorting, and fabric from the base to the top of a single hemipelagic deposit. (Lower 

left) Horizontal slice through the tomographic volume very near the base of the lamina. 

(Upper left) Horizontal slice through the tomographic volume in the middle of the 

lamina. (Upper right) Horizontal slice through the tomographic volume very near the top 

of the lamina. 

 

Slices are vertically stacked to in order to create a 3D volume (Fig. 10, 12) and 

processing algorithms are applied to this volume to reduce errors and mismatches 

associated with the assembly process (Ketcham and Carlson 2001). The ultimate 

resolution associated with a slice and volume is the voxel dimension which is directly 

related to X-ray energy and focal length. 
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In order to capture all of the experimental laminae, the hemipelagic sample was 

scanned at 90kV, 10W, using a 5 s acquisition time that produced a voxel dimension of 

7.89 microns (Fig. 14, 15). Voxel dimension determines the minimum size of resolvable 

grains with at least 3-4 voxels necessary to identify a single grain. Once processed using 

the software Avizo and Blob3D, it was observed that all isolated grains smaller than 6 

voxels in volume possessed the same dimensions and orientations. While some of these 

measurements may have been accurate, it is extremely unlikely that over 1000 grains 

would have the exact same dimensions and orientations. Because of this, grains below 

this threshold were eliminated from the data sets and are not present in the cumulative 

grain-size distributions defining the experimental deposits (Fig. 3).    

 

3.1.1. Avizo 

For this project the Avizo software package (http://www.fei.com/software/avizo-

3d-for-materials-science/) was used to identify grains from the greyscale slices (Fig. 16) 

and then assemble these into discretize individual grains within the volumes. Grains were 

discretized using the value and neighborhood functions. The value function was used to 

determine the grey-scale value cutoff for picking individual grains (Fig. 17). The 

neighborhood function was used to separate the grains.  

Choosing the cutoff and neighborhood values were done qualitatively and 

iteratively. Individual grains were selected by eye and then measures for the value and 

neighborhood functions were adjusted until grains and grain boundaries were accurately 

picked and identified by the software. Specifically, the value and neighborhood functions 

were adjusted until agreement between software and operator picks of grains exceeded 

80% (Fig. 16, 17, 18, 19). This method produced more accurate results than selecting 

grains using statistical methods available within the software package. At the end of the 

http://www.fei.com/software/avizo-3d-for-materials-science/
http://www.fei.com/software/avizo-3d-for-materials-science/
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grain isolation process, the gray-scale distribution used to define each CT volume was 

converted into a binary distribution of intensities with all grains being assigned one value 

and all pore space the other (Fig. 19). 

 
Figure 16. Horizontal slice through the CT scan of a simple turbidite deposit. Black 

represents pore space, light grey represents larger grains, dark grey represents grains < 10 

μm in diameter. The bright grain in the lower left is titanium oxide. Resolution is 3.51 

μm/voxel edge. 
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Figure 17. Horizontal slice through the CT scan of a simple turbidite (Fig 16) with the 

original threshold for detected grains applied. Black represents pore space, blue 

represents detected grains. Threshold value was selected that optimized for identification 

of all particles > 10 μm in diameter. Resolution is 3.51 μm/voxel edge. 
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Figure 18. Horizontal slice through the CT scan of a simple turbidite deposit (Fig. 17) 

post threshold, where all unpicked grains converted into pore space. Black represents 

pore space, blue represents selected grains. Resolution is 3.51 μm/voxel edge. 
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Figure 19. Sub-section of a horizontal slice through the CT scan of a simple turbidite 

deposit (Fig. 15) following application of the neighborhood function to separate grain 

clumps into individual grains. Black represents pore space, white represents individual 

grains. Resolution is 3.51 μm/voxel edge. 

 

3.1.2. Blob3D 

Blob3D is a program designed for processing 3D data sets, particularly those 

produced by CT scans, and extracting information on objects within the volume 

(Ketcham, 2005). Once the CT data was converted to a binary distribution where all 
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voxels were either ‘grain’ or ‘void’, the Separate function within Blob3D was used to 

find and isolate touching voxels of similar material. This process separated every grain 

into its own individual volume and properties for every one of these volumes were 

measured using the Extract function within Blob3D (Ketcham, 2004). Data collected 

using the Extract function compose nearly all of the measurements presented in the fabric 

analyses herein. 

 

3.2. DATA PROCESSING 

3.2.1. Blob3D measurement of grain volumes and orientations 

Measurements collected for each individual grain in the scanned experimental 

deposits include center position, volume, surface area, aspect ratio, fitted ellipsoid, length 

and orientation of the major axis, and length and orientation of the minor axis. The fabric 

analysis specifically used attributes of the best-fit-ellipsoid to each grain. Certain 

processing steps were taken to ensure data fidelity: (1) grains larger than those measured 

by the laser particle analyzer were categorized as bad picks from the grain separation 

program in Avizo and eliminated; (2) grains with true volumes > or < 20% of the 

estimated volume for the fitted ellipsoid were eliminated; and (3) grains smaller than 6 

voxels in volume were eliminated due to the previously discussed resolution limits. 

Removing these smallest grains is important because orientations of best-fit ellipsoids to 

grains defined by a small number of voxels are prone to error due to little shape definition 

(Ketcham, 2004). 

The characteristic size of each fitted ellipsoid was defined by the diameter for a 

sphere, d, of the equivalent volume, V 

 

d = 2(3V/4π)1/3 
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Ellipsoid orientations are defined by Blob3D using directional cosines. These 

directional cosines were converted into trend and plunge values expressing the 

orientations for the long axes of all studied grains. Trend and plunge (Fig. 20) are 

mapped to the original x-y-z coordinate system, where the x-axis defines the downslope 

or downstream direction and is given the compass orientation of 90°/270° and the y-axis 

or transverse-to-flow direction is 0°/360°/180°. Trend is defined as the direction in which 

the long axis for the grain of interest is pointed downward relative to the x-y plane.  For 

example, a trend of 90° is associated with a grain long axis aligned at 90°/270°, but 

dipping in the downstream direction, while a trend of 270° is assigned to a grain with its 

long axis aligned at 90°/270°, but dipping in the up-flow direction. The plunge associated 

with an oriented grain is the angle made between the dipping long axis and the x-y plane. 

 

.  

Figure 20. Trend and plunge of ellipsoidal grains. Trend (x-y plane) is the compass 

direction in which the long axis of the grain is dipping. Here, all grains are dipping to the 

right (east). Plunge (x-z plane) is the number of degrees from horizontal that the long axis 

of the grain is oriented. 
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The shape of each grain and its fitted ellipsoid was characterized using both the 

Corey Shape Factor (Dietrich 1982, Corey 1949) and a Flatness parameter (Uthus 2005). 

Both measures are calculated using some combination of the major, a, intermediate, b, 

and minor, c, axis of a grain’s ellipsoid (Fig. 21). 

 

 
Figure 21. Diagram of ellipsoid with long axis (a), intermediate axis (b), and short axis 

(c) indicated. 

 

 The dimensionless Corey Shape Factor (CSF) is 

 

CSF = c / (a ˟ b)1/2    

 

CSF = 1 for a sphere and decreases in value as a grain becomes flatter. Grain 

flatness was also calculated using a Flatness parameter calculated as the major diameter 

over the intermediate diameter.  

 

Flatness = a/b 

 

In order to make a straightforward comparison between the textures observed in 

the three depositional styles, the measurements of grain shape, size, and flatness needed 
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to be roughly equal across the experiments. Histograms of CSF for the analyzed 

experimental deposits are shown in Figure 22.  These data show that all three deposits are 

composed of grains having a similar distribution of shapes.   

 

Figure 22. Histograms of Corey Shape Factor for the grain populations analyzed from 

deposits of each experiment. The similar distributions of grain shape allows for 

straightforward comparison between the three styles of experimental deposits.   

Flatness and CSF for grains making up all three styles of deposits are plotted as 

functions of grain size in Figure 23 and Figure 24.  These two plots reveal no trend in 

grain shape with grain size.  These plots also show a cluttering of values suggesting that 
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both Flatness and CSF are approximately normally distributed for the grains making up 

these deposits. Values for Flatness ranged between 1.0 and 2.8 with a mode equal to 1.3 

(Fig. 23).  Values for CSF ranged between 0.9 and 0.3with a mode equal to 0.6 (Fig. 22, 

24).  

 

 
Figure 23. Plot of nominal grain diameter as a function of grain flatness for a 

representative subpopulation of particles (n=15455) from the simple turbidite. The 

distribution of points indicates no covariance between grain size and flatness. 
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Figure 24. Plot of nominal grain diameter as a function of CSF for a subpopulation of 

grains (n=15455) from the simple turbidite. The distribution of points indicates no 

covariance between CSF and grain size. 
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CHAPTER 4: RESULTS 

4.1. GRAIN ORIENTATION IN SIMPLE AND WAVE-INFLUENCED TURBIDITES, AND 

HEMIPELAGITES 

 The trend data for the simple and combined flow turbidites is displayed as 

circular histograms in Figure 25, 26, and 27. Trend data from these deposits is binned 

according to the grain size, CSF, and Flatness of the analyzed grains. This binning of 

grains by shape and size was performed to identify which sub-population of particles 

contained a fabric signal. In the simple turbidite case (Fig. 10) we see a preponderance 

flow-aligned grains dipping equally in the upstream and downstream directions (Fig. 25, 

26, and 27). This deposit also has a second mode in grain trend that is oriented roughly at 

right-angles to the transport direction. These grains appear to be dipping equally in the 

0°/360° and 180° directions (Fig. 25, 26, and 27). The two modes in grain trend are best 

developed in the sub-population of smaller particles (Fig. 25), specifically those less than 

the median grain size for the entire deposit, 54 µm. The secondary mode of grain axes 

aligned in the cross-flow direction decreases in magnitude with increasing grain size and 

is no longer observed in grains larger than the overall median particle size. For the large 

particles only the preferred flow-parallel alignment is seen (Fig. 25). Grains sorted by 

both CSF (Fig. 26) and Flatness (Fig. 27) preserve the two modes in grain alignment 

already identified using particle size. The flow-parallel trends are best developed for 

grains with CSF < 0.5 and Flatness parameters > 1.8 (Fig. 26, 27). As grains become 

increasingly spherical, the flow-parallel alignment weakens from Flatness parameter 1.8 

down to 1.2, until no preferential alignment is seen below a Flatness of 1.2 (Fig. 27). A 

similar pattern is seen with an increase in CSF values, with flow-parallel alignment 

weakening from CSF 0.5 to CSF 0.8. Above CSF 0.8 no preferred alignment can be seen 
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(Fig. 26). Additionally, the second, cross-flow mode in grain alignment weakens and then 

is lost; this weakening is observed for grains with 0.5 < CSF < 0.7 (Fig. 26) and 1.8 > 

Flatness > 1.4 (Fig. 27).  

The two wave-modified turbidites used in this fabric analysis are shown in Figure 

11. As before, trend data for the wave-influenced turbidites is displayed as circular 

histograms in Figure 25, 26, and 27. The grain-alignment data is binned according to the 

grain size, CSF, and Flatness of the analyzed grains so that any observed fabric signal can 

be connected to the appropriate sub-population of particles. As was found in the case of 

the simple turbidite, the preferred alignment of grains was primarily parallel to the 

transport direction (Fig. 25, 26, and 27). Unlike the simple turbidite, grain trend is not 

equally divided between the upstream and downstream directions, but rather is strongly 

skewed towards the upstream direction.  The predominance of grains aligned and dipping 

in the upstream direction is observed in essentially all grain-size classes (Fig. 25). The 

upstream alignment trends are best developed for grains with CSF < 0.5 and Flatness 

parameters > 1.8 (Fig. 26, 27). As grains become increasingly spherical, the preferential 

alignment weakens from Flatness parameter 1.8 down to 1.2, until no preferential 

alignment is seen below a Flatness of 1.4 (Fig. 27). A similar pattern is seen with an 

increase in CSF values, with upstream alignment weakening from CSF 0.5 to CSF 0.8. 

Above CSF 0.8 no preferred alignment can be seen (Fig. 26). A weakly developed second 

mode in grain alignment that is oriented at roughly right-angles to the transport direction 

can only be found in grains with CSF < 0.6 (Fig. 26) and Flatness > 1.6 (Fig. 27). These 

grains appear to be dipping equally in the 0°/360° and 180° directions (Fig. 26 and 27).  

Trend data for the hemipelagic deposits is displayed as circular histograms in 

Figure 25, 26, and 27. The grain-alignment data is binned according to the grain size, 

CSF, and Flatness of the analyzed grains so that particles with a particular attribute can 
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be unambiguously connected to any observed grain fabric in the deposit. No systematic 

alignment of grains was found in the hemipelagite (Fig. 25, 26, and 27). While an 

apparent preferred alignment may present itself in a single rose diagram, this pattern does 

not systematically increase or decrease in relation to grain size or shape, as can be seen in 

the rose diagrams for the simple and wave-influenced turbidites. 

 

 

 

Figure 25. Trend of long-axes for grains within the tomographic volume from the simple 

turbidite (top), wave modified turbidites (middle), and hemipelagites (bottom) in Blob3D 

sorted by grain size. 
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Figure 26. Trend of long-axes for grains within the tomographic volume from the simple 

turbidite (top), wave modified turbidites (middle), and hemipelagites (bottom) in Blob3D 

sorted by Corey Shape Factor. 
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Figure 27. Trend of long-axes for grains within the tomographic volume from the simple 

turbidite (top), wave modified turbidites (middle), and hemipelagites (bottom) in Blob3D 

sorted by Flatness. 

 

4.2. GRAIN PLUNGE IN SIMPLE AND WAVE-INFLUENCED TURBIDITES, AND 

HEMIPELAGITES 

The dip angles for the long axes of grains analyzed from the simple turbidite, the 

wave-influenced turbidites, and the hemipelagites are summarized in Figure 28.  This 

data highlights two important points: (1) the distribution of plunge values associated with 

grains in these primary deposits range between 0° (horizontal) and 90° (vertical); and (2) 

all three distributions of dip angles are similar.   
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Figure 28. Absolute value for dip angle of long axes of flow parallel grains in the 

turbidity current and combined flow deposits. The dip angles for long axes of all the 

hemipelagic grains are also plotted. 
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CHAPTER 5: DISCUSSION 

5.1. GRAIN ORIENTATION IN SIMPLE AND WAVE-INFLUENCED TURBIDITES, AND 

HEMIPELAGITES 

Three modes in preferred grain alignment were observed in the experimental 

turbidites: (1) major axes aligned parallel to the flow direction with roughly equal 

numbers of grains dipping downstream and upstream; (2) major axes oriented 

perpendicular to the flow direction with roughly equal numbers of grains dipping towards 

0° and 180°; and (3) major axes of grains aligned parallel to the flow but with a majority 

of those grains dipping in the upstream direction. All three of these fabric components 

have previously been recognized in studies of both gravel and sand deposits (see 

summary in Potter and Pettijohn, 1963). Key elements from previous studies that are 

relevant to this study of silt deposits are as follows. The experiments of Davies (1947), 

Kunkel (1948), Krumbein (1942), and McNown and Malaika (1950) show that with 

sufficient inertial forces particles will orient their maximum cross-sectional area 

perpendicular to the flow direction, effectively creating a flow parallel alignment of 

grains while in suspension (Rusnak 1957). Rusnak (1957) demonstrated that flow-aligned 

grains with an upstream dip or imbrication are the most stable fabric pattern because the 

drag force acting on these grains by a moving fluid is minimal and the lift force is 

negative, effectively pushing the particle onto the bed. The number of upstream 

imbricated grains present in a deposit is affected by sedimentation rate (Schwarzacher 

1951). Both Schwazacher (1951) and Naruse (2006) observed a weakening in the 

imbricate pattern, with flow-aligned grains dipping both upstream and down flow at 

higher deposition rates that precluded significant reorganization of grains on the bed 

before their burial. Orientation of grains so that their long axes are transverse to flow is 
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another sign of grain reorganization on the bed.  It is generally agreed that this fabric 

element is the product of grains rolling across a surface which is most easily 

accomplished when the major axes of the moving particles are oriented perpendicular to 

the transport and therefore flow direction (Schwarzacher, 1951, 1963; Rusnak, 1957; 

Harms, 1982). 

Measurements of the internal flow properties for the simple versus wave-

influenced turbidity currents were more similar than different.  The initial sediment 

concentrations and grain sizes are the same, characteristic flow thicknesses are essentially 

the same, and velocity maximums within the interiors of flows flow differ by only 30 %.  

The highest velocities associated with the wave-influenced flows occur when waves and 

currents positively interfere (Fig. 7) to produce peak velocities of 0.04 m/s rather than the 

0.03 m/s observed for simple turbidity currents (Fig. 6). The combination of a higher 

peak velocity and the pulsating nature of the wave-influenced turbidity currents produced 

a sedimentary deposit that is better packed than the simple currents.  The reduction in 

porosity seen in a wave-influenced (≈ 24% porosity) versus simple turbidite (≈ 44% 

porosity) is clearly observed in Figure 11 versus Figure 13.  This reduction in porosity is 

interpreted as documenting significant reworking of grains that have settled to the bed 

prior to burial.  Primarily, the bed aggradation rate at the sample sites; 0.19mm/min for 

the simple turbidite versus 0.16 mm/min for the wave influenced flow, can easily account 

for the reworking in order to produce a more organized and tightly packed deposit. This 

difference in packing and bed-aggradation rate are connected to the considerable 

difference in the grain fabric for the two styles of deposits. 

The distinguishing fabric measured in both the simple and wave-influenced 

turbidites is grain alignment in the flow direction (Fig. 25, 26, and 27).  The simple 

turbidite has the oblate and blade-shaped grains dipping equally in the upstream and 
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down-flow directions, while the wave-influenced turbidite is primarily composed of 

grains that dip upstream, forming an imbricate fabric. Both styles of deposits possess a 

secondary mode in grain alignment transverse to the flow.  This secondary mode is only 

developed in grains that are finer than the median grain size for each studied deposit (Fig. 

3 and 25). The flow-transverse alignment is interpreted as the product of grain rolling 

following the settling of these finer grains onto the bed. The imbricate fabric associated 

with all particle sizes in the wave-influenced turbidite is interpreted to signify the 

movement, primarily through rotation, of all grains settling onto the bed and a cessation 

in this motion once the grains were worked into the most stable configuration. The 

movement of all grains on the bed did not occur for the simple turbidite case.  Current 

velocities are interpreted to have been small enough that only some of the finer grains 

moved via rolling following settling, while the coarser grains were deposited and quickly 

buried, with no opportunity for reworking.  

How can one distinguish between a spurious mode in grain alignment associated 

with a hemipelagic deposit versus a transport-generated mode in grain alignment 

associated with a turbidite? The experiment presented here indicates two lines of inquiry 

that can be used to separate spurious alignment from current alignment. First, current-

aligned grains preserve systematic trends in particle orientation across successive classes 

in grain size and grain shape (Fig. 25, 26, and 27). The hemipelagic deposit does not 

possess this internal consistency. While one sub-population of grains might indicate a 

preferred direction, there is no systematic increase or decrease in concentration 

throughout all sub-populations of grains composing the deposit. Second, modes in grain 

alignment associated with particle transport are relatively tightly distributed around this 

transport orientation.  Data from the simple and wave-influenced turbidites suggest that 

these modes in grain alignment are constrained to the transport direction ± 20° (Fig. 25, 
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26, and 27). Many of the spurious modes observed in the hemipelagite data occupy up to 

90° of a circular histogram, making them unlikely candidates for fabrics developed by a 

single current direction. From these experiments it appears that 3D grain measurements 

and bedding parallel grain measurements can be used to unambiguously distinguish 

between muddy turbidites and hemipelagites. 

5.2. GRAIN PLUNGE IN SIMPLE AND WAVE-INFLUENCED TURBIDITES, AND 

HEMIPELAGITES 

The dip angle data presented in Figure 28 shows that grain plunge is not a useful 

attribute for distinguishing between the simple turbidite, the wave-influenced turbidites, 

and the hemipelagites. Any utility of grain plunge is thought to be additionally 

compromised by the fact that deposit consolidation will modify and degrade the 

ambiguous distribution of grain plunge. These experiments clearly show that any attempt 

to separate turbidites from hemipelagites using grain fabric should focus on analyzing 

grain orientations preserved on surfaces parallel to bedding planes and not on surfaces cut 

at right-angles to bedding.  
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CHAPTER 6: CONCLUSION 

Grain fabric analysis of rocks using μXCT can accurately differentiate between 

deposits generated by suspension settling and those made by simple and wave-influenced 

turbidity currents.  

1. Plunge angles for all grains in all depositional styles are roughly equal and 

therefore cannot be used as a depositional diagnostic tool. 

2. Depositional style diagnosis via grain fabric should be done in 3D whenever 

possible. Barring this, the long axis trend of grains in 2D plan view is the most 

accurate method. 

3. Hemipelagic depositional style shows little preferential orientation in grain 

trend or plunge, exhibiting more randomness than the other depositional 

styles. 

4. Simple turbidites made in the lab show preferential alignment of long-axes of 

grains parallel to flow, dipping upstream and downstream, with a secondary 

alignment transverse to flow. 

5. Deposits created in the wave-influenced flow exhibit a preferred trend and 

plunge in the upstream direction, similar to normal grain imbrication. 

6. For both simple and wave-influenced turbidites, grains with Corey Shape 

Factor values < 0.5 and/or Flatness values > 1.6 are more strongly aligned 

parallel to flow 

7. Smaller and flatter grains have a tendency to exhibit a flow transverse fabric 

in both simple and wave-influenced turbidites. 
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