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Chapter 1- Introduction

The Morrow Sandstone in the Texas and Oklahoma Panhandles has been a major

producer of oil and gas throughout the later half of the 20th century. The Morrow

Sandstone outcrops in northeast Oklahoma and western Arkansas. The Arkoma Basin in

southeast Oklahoma contains statigraphically equivalent rocks.

Production in the Morrow Sandstone is economical because of relatively large

fields that produce oil and gas at moderate depths. Along the shelf of the Anadarko

Basin in Oklahoma the drilling depth is approximately 12000-13000 feet. In the

Oklahoma Panhandle the depths are shallower and the Morrow Sandstone produces at

8000 feet or less (Andrews, 1999). The Morrow Sandstone mainly produces gas, but oil

and condensates are also produced. In 1999 the Morrow Sandstone produced 183 billion

cubic feet of gas (BCF) and 3.1 million barrels of oil (MMBO) per year. Over the last

twenty years the Morrow Sandstone has produced 7 trillion cubic feet of gas (TCF)

(Andrews, 1999).

The Morrow Sandstone is a Pennsylvanian-age sandstone of varying thickness

and is recognized over a wide geographic area in the Anadarko Basin. The study area is

highlighted in yellow (Figure 1). Figure 2 is a stratigraphic column illustrating the

position of the Morrow Sandstone. The Morrow unconformably overlies the Springer

Formation. The 13 Finger Limestone unconformably overlies the Morrow Sandstone in

the study area.
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The Morrow Sandstone is commonly divided into two sections, an upper and

lower section. In the Panhandles of Texas and Oklahoma, the Upper and Lower

Morrow sections are separated by a thick shale (Andrews, 1999). Along the shelf, the

Upper and Lower Morrow is separated by a thick shale and a limy unit called the Squaw

Belly.

The Lower Morrow in the study area consists mainly of marine sandstones which

were deposited as shoreface to transgressive valley fill sands (Puckette, 1996). The

deposition of the Upper Morrow in the Texas and Oklahoma Panhandles was controlled

by deltaic processes (Puckette, 1996). The dominant sediment transport direction during

Late Morrowan time was toward the southwest as illustrated by the arrows on the

regional map (Figure 3). The distribution of Morrow reservoirs on the northwest shelf of

the Anadarko Basin was controlled by sea level fluctuations. During lowstand of sea

level, the shelf was exposed and channels were incised into the shelf. As sea level rose,

these channels were filled with fluvial, estuarine, and flood plain sediments (Puckette,

1996). These incised valley deposits are fining upward sequences. During highstand,

the valley deposits were covered with sealing marine mud.

The production from the Morrow Sandstone is attributed to different lithofacies

in different depositional environments, both marine and nonmarine. Despite the

di fferences in depositional environments, the Morrow Sandstone in the Oklahoma and

Texas Panhandles and along the shelf of the Anadarko Basin contains an abundance of

microporosity that results in low-resistivity wireline responses. The low resistivity

readings result in a higher water saturation calculation from logs than expected for a

hydrocarhon-saturated interval. The high water saturation indicates that a well will

produce more water ~high water cut) than is actually present.

4
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Developing new fields requires better tools to more accurately determine

reservoir characteristics. The use of the nuclear magnetic resonance (NMR) technique in

reservoir modeling can produce better estimates of irreducible water saturation and

penneability values. NMR is a technique for estimating porosity, permeability, type of

fluid, and the amount of bound and free fluid in the sandstone. The NMR logging tool,

which uses some of the same principles as the laboratory NMR instrument, can assist

geoscientists in more effectively developing new fields in the Morrow Sandstone when

used in conjunction with conventional wireline logs.

The purpose of this study is to use pore geometry infonnation obtained from

NMR measurements to understand how microporosity influences Morrow Sandstone

reservoir properties response in Hemphill County, Texas and Texas County, Oklahoma.

The samples used in this study cover a range of porosity and permeability values and

pore sizes found in Morrow sandstones. Core analysis and petrographic data were

collected with the intention of providing additional information that helps with the

interpretation of the NMR logs. This study also determines which of the NMR

conventional penneability equations is most effective in estimating permeability in

Morrow Sandstones. The purpose of calculating permeability from NMR is to find a

best estimate of fom1ation penneability that can be assigned to specific layers or

lithofacies. Improved estimates of penneability are useful for generating more accurate

reservoir flow models.

NMR measures the behavior of hydrogen protons in the presence of a magnetic

field. The actual experiment is accomplished hy altering the spin behavior of the

hydrogen protons in the liquid phase in a fully water-saturated core. In this thesis the

hydrogen nuclei will be referred to as protons. The protons are initially aligned in a static

6



magnetic field, often called the Bo field. The protons precess around the Bo axis at a

frequency dependent upon the nuclei being measured. The frequency of the spinning

protons is called the Larmor Frequency (t), which is determined by

f = (yBo)/ 27t (Eqn. 1)

where y is the gyrometric ratio, and Bo is the strength of the magnetic field (Coates et aI.,

1999). Each nuclear species has its own gyrometric ratio. Therefore, it is possible to

"tune" an NMR experiment in a given magnetic field to detect specific nuclei, e.g. HI,

CD, etc. Moreover, in a given magnetic field, each element has a different Larmor

Frequency. The spinning protons also precess about the Bo field in a low-energy state.

The bulk magnetism is the difference between the number of protons spinning parallel to

the Bo field and those spinning anti-parallel to the Bo field.

The protons are then "tipped" 900 from their original aligrunent by applying a

second magnetic field perpendicular to the Bo field. This second magnetic field is called

the B 1 field (Figure 4). The Larmor Frequency of the B I field must equal the frequency

of the Bo field. The application of the B I field will excite the protons from a low-energy

state to a high-energy state. The angle at which the protons are tipped is calculated by

(Eqn.2)

where e is the angle that the protons are tipped, y is the gyrometric ratio, B I is the

amplitude of the oscillation field and 'r is the time B I is applied. By increasing the time

or strength at which B I is applied, the proton-tipping angle will be increased. For this

experiment it is important to tip the protons exactly 90 degrees. When the B I field is

turned off, the protons will begin to dephase and return to their equilibrium state. The

receiver coil that measures magnetization in the transverse plane will begin to detect a

decay signal.

7
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Figure 4. Schematic ofthe relationship between 8 0 and B1 magnetic fields and the xy
measurement plane (indicated by the circle).



Proton decay is exponential and is calculated by

M(t) = Mo e -t1T2 (Eqn.3)

where M(t) is the measured magnetization at any time, Mo is the initial magnetization,

and T2 is the first order rate constant that describes the exponential decay of

magnetization with time (t). The decay occurs in a perfectly homogeneous field.

Departure from this simple exponential decay law can be attributed to inhomogeneities

in the static magnetic field or the presence of multiple T2 relaxation components, e.g.

different pore sizes.

Relaxation is characterized by the time constant associated with the return of

protons to equilibrium as defined in Equation 3. The initial amplitude of the decay curve

is proportional to the number of polarized hydrogen protons in the sample. The shape of

the exponential decay curve represents the relaxation time. lfthe decay curve is short,

fast relaxation times will result. A long decay curve will result in slow relaxation times

(Figure 5).

There are two major NMR pulse experiments commonly used to characterize

fluids in porous media. The first is T 1 relaxation, which is the longitudinal relaxation

time. It is important to measure T1 relaxation because diffusional processes do not affect

it. T1 relaxation also corresponds to the time required for the polarization of protons that

is required before executing a CPMG pulse sequence (Carr-Purcell Meiboom Gill),

commonly used to determine the T2 properties. T 1 is the "build up" or polarization of

magnetization when the Bo magnetic field is applied (Figure 6). The arrows at the top

indicate the degree of proton alignment as the protons are exposed to the Bo field.

9



o

msec msec

Figure 5. Diagram illustrating how the rate of decay detennines the T2 relaxation time. The top
figures are the rate of decay curves and the bottom figures represent the corresponding relaxation

distributions. Modified after Stambaugh, 2000.
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Relaxation in the transverse plane is called T2 relaxation. When the B1 magnetic

field is turned off the protons will begin to lose coherence and a decay signal is detected.

The T2 experiment is the measure of decay in the B 1 direction.

The CPMG pulse sequence will negate the dephasing that is caused by the

gradients from the Bo field. Once dephasing from diffusion occurs, the protons can not

be repolarized completely and the spin echo train decays. To monitor the decay in the

transverse plane, the NMR tool measures the amplitude ofthe spin echoes in a CPMG

pulse sequence. After the spin echo train is measured, the protons are repolarized and

another CPMG pulse sequence begins.

There are three components to T2 relaxation that are combined in measured T2

value.

l/T 2 = I/T2bulk + I/T2surface + I/T2diffusion (Eqn.4)

The first term in the expression refers to bulk relaxation rate. Bulk relaxation is an

intrinsic property of a fluid that is controlled by its physical properties, such as viscosity

and chemical composition. In practice, the fluid to be measured is placed in a test tube

to minimize surface effects. The test tube represents a pore of infinite size. By

minimizing the effects of surface relaxation, the fluid is considered contained in a pore

with infinite size.

Surface relaxation occurs at the pore-fluid interface and is the property we are

most interested in determining because of the relationship

liT2surface = p SlY (Egn.5)

where p is the surface relaxivity in units of lengthltime, and SlY is the surface area to

volume ratio in units oflength'J. S/V is a measure of lIpore size. Surface relaxivity is a

measure of a mineral surface's (pore wall) ability to promote relaxation and varies with

12
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mineralogy. The presence ofparamagnetic minerals, such as iron bearing minerals,

will speed up the relaxation times. Surface relaxivity is a correction factor that aids in

converting measurements of time to length. The importance of time to length

conversions to permeability will be discussed later in the chapter.

The last component ofT2relaxation is diffusion-induced relaxation. Diffusion

occurs when gradient magnetic fields are present to promote the diffusion process. Extra

dephasing occurs as molecules move into an area of different magnetic strength,

resulting in the protons precessing at different rates. There are two gradient sources; a

natural gradient within the pore and an external gradient imposed by the measurement

device, i.e. magnet inhomogeneities, within either a laboratory spectrometer or logging

tool. In a laboratory spectrometer the magnetic fields are static homogeneous fields,

therefore the external gradient is essentially zero. The internal gradient is evident

because of the faster T2relaxation times when the echo spacing is increased. Internal

gradient effects will increase as the pore size decreases. If there is no diffusion, the echo

spacing does not matter. As diffusion becomes important, the ability of the protons to

rephase between pulses is lessened.

In order to detennine the pore size from measured T2, the contributions from

T2surface, T2bulk and T2diffusion must be taken into account. The value for lIT2bulk is a very

small number because the T2 for water is very slow (3 sec). The I/T2diffusion value is also

minimized because the gradients in a static magnetic field are small. The extra

dephasing causes a decrease in the T2relaxation in that the liT2diffusion value increases.

Therefore, under most laboratory conditions the measured liT2 is approximately equal to

I/T2surface. T1 relaxation is composed of bulk relaxation and surface relaxation.

Diffusion-induced relaxation does not affect T] relaxation and therefore the changes in

13



the distribution ofTI and T2 might be attributed to diffusion-induced relaxation in the T2

curve.

In a fully saturated sample, the NMR measurement represents the combination of

single exponential decays associated with each distinct pore size. Because rocks contain

a variety ofpore sizes a single exponential fit to the decay curve will only determine a

mean pore Size. A multi-exponential decay is needed to describe the range of pore sizes

in a sample:

Ms(t) = L Ai exp(-tlTi) (Eqn. 6)

where Ms(t) is the total magnetization at time (t) the sum of the decaying signals for all

pore sizes, Ai is the number of protons in pores of ilh size and Tj is the corresponding

decay time constant either T[ or T2 associated with pore i (Kenyon, 1997). By plotting

Ai versus T j the distribution of relaxation time is useful in determining pore size

distributions. Two assumptions are used with the above formula. The first is that each

pore decays as a single exponential. The second assumption is that pores decay

independently of one another (Kenyon, 1997). From the relaxation-time distributions a

large Ai at a short T2 time indicates small pores whereas a small Ai at a long T2 time

suggests large pores are present.

Procedurally, thin section and mercury injection (MICP) measurements of pore

size are commonly compared to NMR distribution curves. MICP size distributions

curves are used to continn the relationship between NMR relaxation times and pore

sizes. Although MICP data measures pore throats and NMR measures pore bodies there

should be a relationship between the two (Kenyon, 1997).

14



While NMR responds to pore size and permeability is controlled largely by

throat size, it is possible to generate an expression to calculate permeability from NMR

results (Kenyon, 1997). Permeability values are measured in milliDarcies, where

1 md = 1 micron2 (Eqn. 7)

From a modification of equation 5 (Kenyon, 1997)

LNMR = VIS = pT2 (Eqn.8)

where LNMR is the pore size from NMR measurements. In order to have all the units the

same the equation is squared.

(Eqn.9)

where Ke is the permeability and c is a constant. These equations relate NMR pore size

from T2 relaxation to permeability. Changes in p affect permeability, along with pore­

throat to pore body-size ratio. There should be a direct relationship between

permeability and T2
x

. The exponent for T2 should be close to 2 since permeability has

units oflength squared.

There are two commonly used equations that estimate permeability from NMR

measurements, both use porosity and pore size to calculate permeability. The first

permeability equation, called the SDR equation, uses the T2 value to estimate pore size

(Kenyon, 1997):

(Eqn. 10)

where K is permeability, c is a constant (usually 4 for sandstones), and ~ is porosity from

NMR, conventional logs, or core analysis. The ~ value is in fractional form.

The second equation, the Timur-Coates equation, uses the free-fluid to bound­

fluid ratio to estimate pore size:

-

K= (~/C)4 * (FFVBVI)2

15
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where K is the penneability, ~ value is in percent, FFI is the free-fluid volume and BYI

is the bound-fluid volume.

The two penneability equations calculate penneability by using porosity ami

either T2 measurement or FFIIBYI ratio to describe pore size. The accuracy of

permeability calculated from these equations is contingent on whether T2 and the

FFIIBVI ratio actually correspond to pore size.

The application ofNMR interpretation models based on ideal laboratory

measurements is made more complicated by the difficulties inherent in downhole

logging measurements. NMR logging uses the same principals as laboratory

measurements. The following is an example ofNMR logging techniques.

The Lanner frequency of the protons varies as the tool moves through the

formation. The antenna of the tool serves as the oscillating field producer, the

transmitter and as the spin echo receiver. The oscillating field (the B( field) is applied

perpendicular to the Bo field thus tipping the protons into the transverse plane. The

pulse sequences during logging procedures are the same as laboratory measurements.

While the tool is moving through the borehole, the protons are either being

aligned with the Bo field or tipped into the transverse plane. On tools that contain a

magnet above and below the sensitive area, the extended magnet polarizes the protons

before they enter the sensitive area of the tool. These protons are now ready to be tipped

in the sensitive area of the tool. As these protons are being tipped, protons that have

already been tipped leave the sensitive area of the tool.

Pulses of different frequencies are applied to the formation in order to measure

protons in different sensitive regions (Figure 7). By applying pulses to the formation

with different frequencies, quicker measurements can be obtained. The time between

16
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Figure 7. Multi-frequency NMR tool measurements (Modified after Coates et aL 1999)



frequencies is the echo train time, approximately 5 seconds, and the time between

measurements at various frequencies is the time to repolarize (TW) at that frequency. If

measurements of multi-frequencies are similar, the sensitive volumes are very close and

the rocks being measured can be considered the same type of rock.

The logging speed can be increased when using multi-frequencies and the same

signal to noise ratio can be maintained. When two frequencies are used, the polarization

and measurement of protons is alternated. When frequency 1 is polarizing the protons,

CPMG echo trains are be acquired from protons of frequency 2 (Figure 8).

The antenna on a commonly used tool, MRlL™, is usually twenty-four inches

long which determines the volume of the formation that is measured by each pulse

sequence. A longer antenna will increase the logging speed, but the vertical resolution

will decrease. The vertical resolution will equal the antenna length when the tool is

stationary. As the tool moves through the borehole, the vertical resolution decreases at

a rate that is proportional to the logging speed:

VR = L + V (TC * RA - TW) (Eqn. 12)

where VR is the vertical resolution, L is the length of the antenna, V is the logging

speed, TC is the cycle time, RA is the running time, and TW is the polarization time.

The cycle time is proportional to the number of echoes and the echo spacing:

TC = TW + TE * NE (Eqn. 13)

where TE is the echo spacing and NE is the number of echoes

The depth of investigation into the formation is related to the field strength and

Larmor frequency. The Larmor frequency is tuned to excite protons a certain depth into

the fom1ation (Figure 9). Figure 9 shows the sensitive volume, which is the depth of

investigation, and how this volume relates to the frequency ofBa . If the frequency of the

18
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Figure 9. Schematic of diameter ofNMR tool investigation (Modified after Coates et aI., 1999)



Be field is decreased, the depth of investigation will decrease. The magnet's temperature

also controls the depth of investigation. As the magnet gets hot the Be field decreases

and causes the depth of investigation to decrease.

If a washout intersects the sensitive area of the tool, the borehole fluids will

cause the NMR porosity and the bound fluid volume to be overestimated. The fluid in

the mud is hydrogen rich and the relaxation times of these protons are very fast because

of the high surface area of the mud grains.

NMR signals are very weak and it is difficult to detennine signal from noise. To

correct for the signal-to-noise ratio several readings are stacked. By repeating an echo

measurement the amplitude and position of the echo signal will remain the same. The

noise is randomly distributed. Therefore by stacking and averaging several echoes the

noise level is reduced.

The purpose of this study is to examine laboratory NMR responses in the

Morrow Sandstone and to relate these responses to the mircoporosity systems in the

reservoir interval. The analysis of the NMR relaxation distribution times will be

correlated to Morrow rock properties, including pore types as viewed in thin section.

This analysis will help geoscientists better use NMR data. In this study, permeability

calculated from NMR data is compared to permeability as measured by conventional

core analysis technique. By noting geologic reasons why the two techniques yield

different estimates of permeability, geoscientists will be able to calculate permeability

more accurately in the Morrow Sandstone in the study area.

21



Chapter 2 - Core Descriptions

Cores evaluated in this study are from wells in Hemphill County, Texas (Bowers

Bl and McQuiddy AI) and in Texas County, Oklahoma (Kaser #2R). The Morrow

wells from Hemphill County, Texas are located on the northwest shelfof the Anadarko

basin and are deeper than the other study well located on the edge of the basin in Texas

County_ Oklahoma (Figure 10).

The Bowers B1 interval of interest ranges from 13605' - 13631'. The zones of

interest in the McQuiddy Al are found from 11880' - 11887' and 13267' -13355'. The

zone of interest in the Kaser 2R well (Texas County, Oklahoma) ranges from 6240' ­

6269'. The samples from these cores represent a range oflithologies.

The well logs available from the study wells include gamma ray logs,

spontaneous potential (SP) logs, sonic log (interval transit time), and resistivity logs.

The gamma ray log measures the amount of potassium, thorium, and uranium in the

formation. Shales contain more potassium, thorium, and uranium than sandstones;

therefore, the shales will have a higher gamma ray response or inflection to the right,

than the sandstones. It is difficult to determine sand from shale by gamma ray response

alone. Shaley sands contain a lot of clay that increases the gamma ray response.

Therefore, the resistivity log is useful in determining sand from shale. The resistivity log

measures the resistivity of the fluid in the formation. Hydrocarbons are more resistive

than water and therefore will have a higher resistivity reading than the shales.
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The SP log is used to detennine the presence ofimpenneable beds (shale) from

penneable beds (sand). The presence of shale in a sandy interval will cause a reduction

(deflection to the right) in the SP. Shales have a fairly consistent SP response so the

shale reading for a log is called the shale base line. Deflection from the shale base line is

a measure of the sand content in the interval. Sand will deflect to the left of the shale

base line.

The sonic log is a measure of interval transit time, which is a compressional

sound wave traveling through the fonnation. The interval transit time is the reciprocal of

the velocity. The interval transit time is dependent upon lithology and will be slower in

shales than in sands. The presence of hydrocarbons in the fannation will increase the

interval transit time.

The Kaser well log (Figure 11) contains a gamma ray curve and a porosity log.

The gamma ray log depicts sand between 6238' to 6263'. The porosity log for the Kaser

well fluctuates between 16% to 30% between the interval of6240' to 6267'. Figure 11

is the Kaser well log, showing the gamma ray log in the left track and the porosity log on

the right.

The base of the Kaser interval (6269' -6262') is a black shale lithofacies that is

overlain by 15' of a moderately sorted, fine to coarse grained, gray sandstone (following

Folk's 1974 textural classification). The black shale is indicated on the Kaser well log

(Figure 11) by the gamma ray deflection to the right that continues onto the left side of

track 1. A one-foot thick black shale divides the 15' of sandstone, which was detennined

from the core description. The sandstone contains thinner intervals (4"-6") that fine

upward from coarse grain size at the base to fine grain size at the top. Thin laminae of

shale are scattered throughout the interval with more shale below the one-foot shale
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interval than above.

The overlying interval (6251' - 6243') contains 9' of moderately sorted, gray

sandstone. As with the lower interval just described, this interval contains fining-upward

sequences, ranging in grain size from very-coarse sand at the base to very-fine sand at

the top. The core also contains a one-foot interval (6248') of coarse-grained sand. Shale

laminae, observed lower in the section, are absent from this interval. The top three feet

of the Morrow in the Kaser is gray shale that contains hints of red and green color.

The base of the McQuiddy Al (13303') has 9' of gray medium grained,

moderately sorted sandstone, that is interbedded with dark gray to black shale.

Contained in this interval are abundant shale nodules (shale rip-ups). The nodules are

about one inch in length. This interval is overlain by 2' of gray, coarse grained,

moderately sorted sandstone. This is overlain by 3' of gray, medium grained, moderate!y

sorted sandstone. This interval is similar to the basal interval except that it is

interbedded with shale laminae rather than shale beds. There are few shale nodules (rip­

ups) present.

The upper 6' (13288'-13283') of the McQuiddy well is a gray, coarse to medium

grained, moderately sorted sandstone. This interval is composed of two 3' thick fining­

upward cycles. Thin shale laminae are present throughout this interval. Core plugs were

taken at 13302', 13291', and 13288'. All the samples come from the fine sand portion of

the fining upward sequence.

The upper section of the McQuiddy Al (11886'- 11880') contains 5' of gray,

coarse grained, well-sorted sandstone. This is overlain by 2' of gray medium grained

sandstone. Within this 2' interval, thin shale laminae are present. The top foot of this

section returns to the gray, coarse grained, well-sorted sandstone. Minor amounts of
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shale laminae are present. Core plugs were taken at 11888' and 11886'.

The gamma ray log is in track 1 of the McQuiddy well log (Figure 12 and 13).

At 11890', the gamma ray log is inflected to the left, indicating sandstone. From 11890'

- 11850', the gamma ray shifts to the right, and is in the shape of a "Cluistmas Tree",

indicating a fining-upward sequence. The resistivity log in track 2 records an increase in

resistivity from 11890' - 11850'. Sandstones that contain hydrocarbons commonly

record a higher resistivity than shales.

The gamma ray log for the deeper section of the McQuiddy well, 13300' ­

13250', is inflected to the left, indicating sandstone. The resistivity curve for this same

zone records a high resistivity reading.

The Bowers B1 core is unslabbed and lithology was difficult to describe. The

basal interval of the Bowers B1 well consist of 17' (13631'-13615') of gray, coarse

grained, well-sorted, siltstone. This is overlain by 10' of gray, fine-grained, well-sorted

siltstone. Core plugs were taken from 13629' and 13624'.

The upper interval of the Bowers B1 (12820' -12800') is alternating, dark gray,

very fine-grained sandstone and shale. The layers of sandstone are from 7 to 10' thick.

As wi th the lower section of the Bowers, the core is still whole and sedimentary features

were difficult to detect. A core plug was taken at 12807'.

The Bowers well log (Figure 14 and 15) contains a gamma ray. The gamma ray

curve from 12900' - 12800' shows no variation over this interval. The resistivity curve

from 12880' - 12870' shows a strong spike indicating sand. From 12830' - 12800' the

resistivity curve contains spikes which indicate zones of sandstone.

The gamma ray log for the deeper section of the Bowers well (13660'-13630')

shows a slight inflection to the left indicating a sandstone. The resistivity log for the
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section shows a strong spike, also indicating the presence of sandstone that may contain

hydrocarbons.
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Chapter 3 - Methodology

Sample Selection

The samples from the McQuiddy and Bowers wells were purposely selected from

intervals ofvaried texture or grain size. The samples from the Kaser well in Texas

County, Oklahoma were chosen from a well used in an earlier study by Phillips Petrolewn

Company (Caldwell, personal communication, 2000).

Core plugs were cut using a one and half-inch diameter bit. The bit was cooled

with running tap water so that it would not overheat. The core plugs were air dried for

24 hours and placed in a SoxhJet cleaning unit. A Soxhlet is a distillation unit that uses

alternating cycles ofmethanol and toluene to clean core plugs by removing any residual

hydrocarbon. Once the samples were cleaned of hydrocarbons, they were dried at room

temperature for 24 hours and placed in a vacuum for over 24 hours at 1600 F. It is

important to remove the water associated with clay or the porosity measurement will be

under-estimated. Once the samples were dried they were placed in a humidity-controlled

sample container to keep moisture constant. Trim ends were cut from these plugs for

thin section preparation and MICP analysis.

Core Analysis

The following procedures are standard core analysis methods. The samples were

wrapped in Teflon and weighed in a closed balance. The closed balance was used to

ensure air movement outside the balance does not interfere with the weighing of the
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sample. The length and diameter ofthe samples were measured. These measurements

were used to calculate bulk volume, a determination that is needed to calculate porosity

and penneability ofthe samples. The samples were also weighed in mercury. The

sample's bulk volume is determined by a standard mercury immersion method in which

Vb = WtHg 1(- THg * 0.0013611 + 13.63837) (Eqn. 14)

where WtHg is the weight of sample immersed in the mercury and THg is the mercury

temperature (unpublished Phillips Petroleum Company (PPCo) internal spreadsheet).

Note in Eqn. 14 that the temperature of the mercury is multiplied by a very small number.

Consequently, the equation simplifies to

Vb = WtHg/ 13.6 (Eqn.15)

where Vb is the bulk volume is em', WtHg is the weight of the mercury in grams and 13.6

is the density ofmercury in grams/cm3
.

The porosity was determined using the Boyle's Law of gas expansion method

(Dullien, 1992). The sample was placed in a container with a known volume and a

known volume of gas pressure was applied. The change in the hydrostatic pressure (P 1

and P2) was used in determining porosity. These pressure values were entered into a

spreadsheet along with the length, diameter, and weight to calculate porosity. The

porosity (in percentage fonn) was calculated in the PPCo spreadsheet by dividing the

pore volume by the bulk volume. The pore volume is defined as:

Vp = Vb - Vg (Egn. 16)

where Vp is the pore volume, Vb is the bulk volume and Vg is the measured grain volume

(Dullie~ 1992).

The penneability was determined by measuring the flow rate of gas (nitrogen)

through the core plug at various pressure gradients in order to solve Darcy's Law
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(Dullien, 1992). Darcy's Law is expressed as

Q =kLiPIL v (Eqn. 17)

where Q is the flow rate in cm
3
!s, ~PIL is the pressure gradient in atmlcm, v is the

viscosity ofthe fluid in centipoise, and k is the permeability. The gas flow measurements

were entered into the PPCo spreadsheet and the permeability was calculated with the

following expression:

k (length}) = 1000 (2 * CP (viscosity) * flow (em
3
/s) * pressure (atm) * diameter

) 2 2
(em))! area (em) * (pI - P2 ) (atm) (Eqn. 18)

The units for the parameters in the above permeability equation are indicated by the tenns

in italics enclosed by parentheses following each of the variables. The unit of

permeability will be in cm2
, which is equal to md.

NMR Measurement and Data Processing

To prepare the samples for NMR measurements the samples were placed in a

vacuum cell to remove air and moisture. The samples were then saturated with a 3.3%

NaCl solution while under vacuum. This step improves the filling of the smaller pores

with brine. The saturated samples and the brine solution were placed in a closed bottle

within a pressure cell and pressurized with oil up to 2000 pounds forcing the 3.3% NaG

solution into the pores. The samples remained stored in the 3.3% NaCl solution during

the course of the study.

The N1VfR bench top spectrometer used in this experiment is a Maran-II made by

Resonance Instruments Ltd. The Maran-II uses a 2.0 MHz resonance frequency to align

hydrogen protons. The temperature is controlled at 35°C to maintain magnetic stability.

A core sample was placed into a glass cylinder to align the sample with the magnetic field.

The magnetic field applied to the sample is aligned along the Bo axis. The Maran-II
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receiver coil has a sensitive zone that is approximately 1 to 1.5 inches in length. If the

sample is only partially exposed to the magnetic fields, the NMR signal intensity, which is

used to calculate porosity, will be underestimated.

The first NMR computer program used in the analysis procedure is called Free

Induction Decay (FID). The FID program measures the proton decay after a single 90°

pulse (Figure 16). From this single pulse and its decay, the parameters that are used in

the CPMG and INVREC (inversion recovery) programs are determined. These

parameters include the receiver gain, P90, PI80, 01 and relaxation decay. The receiver

gain (RG) parameter is the voltage gain of the system. At the beginning of a pulse

sequence, a low-level signal is applied and the received signal is compared to the original

signal. The gain compensates for the signal loss across the system.

The P90 parameter is the parameter that defines the time that a radio frequency

pulse is applied in order to rotate the protons 90° from their original orientation. If the

protons are originally precessing about the Bo field, the P90 pulse will rotate the protons

to precess in the transverse field. The P180 parameter is the parameter that defines the

time that a radio frequency pulse is applied. This pulse rotates the protons) 80° from

their original orientation.

The 01 parameter is the frequency offset of the spectrometer from the base

frequency, which is approximately 2 MHz. Variations in temperature, magnet stability,

etc. alter the strength of the magnet so that its resonance frequency is not exactly 2.0

MHz. Therefore, the offset tuning adjusts the resonance frequency in units ofHz. If the

offset is less than 1000 Hz (or 1KHz), then the offset is within 1 part per thousand of the

set signal frequency.

The relaxation decay, RD, is the time between the end ofa scan and the beginning
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of the next 900 pulse. This time allows the magnetization ofthe sample to return to

equilibriwn before the next pulse. The RD is usually five times the T 1. These parameters

are used in all relaxation experiments.

The following parameters are varied according to the character of the samples

being measured: I) number ofscans, 2) the number of echoes, and 3) the pulse gap, tau.

The number of scans, NS, represents the number of complete puLsed experiments that are

collected. More scans result in better quality data but the more scans you collect the

Longer the experiment takes. The number of echoes, NE, determines the Length ofeach

pulsed experiment in time. The more echoes collected, the longer the experiment time.

The actual experiment time is calculated by multiplying the NE by the echo spacing, tau.

The experiment should have a length sufficient to allow all ofthe relaxation components

to be measured. The tau time needs to be chosen carefully; too fast inter-echo times will

reduce the effect of diffusion on the CPMG measurement. If a tau time is too long

between echoes, part of the signal can be lost due to diffusion. The RD needs to be long

enough to ensure proper polarization of protons before each CPMG pulse sequence. For

the Morrow samples, 32 or 64 scans were applied. The number of echoes was 4096, and

a tau of 300~s was used for these experiments. The CPMG pulse sequence was applied

to the sample to measure the T2 relaxation times. From the CPMG pulse sequence,

average T2time and decay amplitudes were given.

The inversion recovery program, INVREC, applies a 180° pulse to align the

protons 180° from Bo and then 90° pulses are applied. The inversion recovery program

measures the average T I time and the T 1 decay.

The raw echo train data from TI and T2 are transfonned into a distribution of30

single-exponential relaxation times. This is done by using a regularized nonJinear least
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squares minimization procedure (Kenyon, 1997). The amplitudes from this minimizing

procedure are plotted against time to produce the NMR distributions.

Thin Sections

The thin section description of composition and texture is important in order to

establish relationships among the petrographic properties, pore structure, and NMR

measurements. The thin sections were prepared from the trim ends of the core plugs by

Mineralogy Inc (Tulsa, OK). Blue epoxy was injected under a pressure of 1500 psi, to

ensure that the epoxy entered all the smaller micro-pores. Samples with an average grain

size of 4 mID or more were prepared as oversized thin sections and the samples with an

average grain size less than 4 nun were prepared as standard thin sections. The samples

were prepared as standard 30 microns thick thin sections.

A Zeiss petrographic microscope was used to observe the thin sections. The

microscope contains a mechanical stage for use in point counting the petrographic thin

sections. The microscope contains objectives of 2.5x, lOx, 16x and 30x magnification,

and a graduated ocular (Figure 17). The ocular is fitted with a micrometer that is divided

into ten increments; these increments are further divided into smaller subdivisions.

A nonstandard technique for point counting the thin sections was used. The

technique is a modification ofthe Delesse (1847) method for measuring volume

percentages based on area of minerals exposed on the surface of a thin section. The

number of areas used to estimate composition per thin section was detennined by using a

grid size slightly smaller than the largest grain. For example, if the largest grain was 5

nun, then a grid size of 4 mm was used. For a grid size of4 mrn, a point count of 100

points was completed in each grid of the 4 mm square grids. A point count within a grid

block consisted of estimating a "box" defined by the graduated ocular (Figure 18), ten
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squares down and ten squares across. By estimating and tabulating the mineral

composition for each ofth~ one hundred squares, the composition ofeach grid block area

was detennined. The type ofgrains, matrix, cement and pore space was determined for

each slide. The values for the composition of the thin sections were nonnalized and

entered into a spreadsheet. Appendix 1 contains the petrographic data.

The magnification used for measuring grain size was chosen based on a quick

estimate of grain size. The fine-grained samples, like K 6240.6, a sample dominated by

clay matrix and small grains, was counted using the lOx objective; the other slides were

counted using the 2.5x objective. The grain sizes were measured using the calibrated

increments on the crosshair ocular. For the 2.5x objective, it was determined that 25 of

the small increments in the ocular equal one millimeter. As the crosshairs are

approximately 4 rom in length, each increment in the micrometer was 0.04 rom (40

microns) in length (Figure 17). The grain sizes were measured at node points on a grid.

To ensure an unbiased sampling of the grains, five contiguous or consecutive grains were

counted. This approach prevents the grain size measurement from being biased to the

larger grains (the eye may be attracted to large grains) (Figure 19). The grain sizes were

measured and phi transformed in order to determine the sorting. The measurements were

added to the final spreadsheet. Appendix 1 contains the grain size data.

Mercury Pore Measurements

Mercury injection capillary pressure (MICP) is a measure of the amount of

pressure required to force the non-wetting fluid phase (mercury) to displace the wetting

phase (air) (Vavra, 1992). MICP data is obtained by injecting mercury into a clean

sample with increasing pressure in pre-defined increments. Between each increase in

pressure, equilibrium must be established; this can take from minutes to several hours.
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One hundred pressure steps between 0.5 and 60,000 psia are measured in the Morrow

Sandstone.

The closure pressure is the pressure ofmercury that fills the surface irregularities.

The entry pressure is the pressure at which the mercury enters the pore throats after the

surface irregularities are filled. The maximum saturation occurs when the pore volume is

saturated with mercury. Figure 20 illustrates an example of a MICP curve. The

minimum saturation pore volume is the pore volume that is unsaturated at maximum

pressure. The equation for determining pore throat radius is

R = -2y8/Pe (Eqn. 19)

where R is the pore radius, y is the surface tension of480 dyne/em, 8 is the contact angle

for air/mercury (140°), and Pc is the capillary pressure:

R = 107.6/Pc (Eqn.20)

The above tenus reduce to a constant (107.6) in the Laplace equation. The porosity from

MICP is calculated by

MICP cj> = volma.x press * gm density / (1+(volmax press * grn density) • 100

(Eqn.21)

where volmax press is the mercury volume at maximum pressure (emJ/g) and gm density

is the grain density (2.65 g/emJ
) (PPCo spreadsheet).
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Chapter 4 - Results

NMR. Curves

The NMR relaxation time distribution curves show the proportion ofprotons in

pores of a given size vs. the corresponding decay-time constant associated with that pore

size (Kenyon, 1997). The relaxation distributions are proportional to the area under the

curve (porosity). Procedurally, a proportion of the porosity associated with a given size

range can be correlated to the relaxation distribution in such a way that the given pore

sizes correlate to a time range from the NMR relaxation distribution (Table 1). The times

to length conversions are constant throughout the entire experiment (Figure 21). By

taking the area under the curve for each relaxation time division, a percent of the total

relaxation curve for each pore-size group can be calculated:

k

IAi
proportion = _i=..:....j_

n

IAi
i=1

(Eqn.22)

where the pore-size proportion is a fraction, n is the number ofpoints in the distribution, j

and k are less than n and represent the start and endpoints of the time interval for a range

ofpore-sizes. The percentages of each time division are used in describing the

connection between the NMR curve and the petrography. The volume ofeach time

group correlates to the volume of thin section porosity (Table 1).

The average T2 is a mean value and is not useful for describing the broad
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distribution of the relaxation curves. The mean T2 value is the time at which the

transverse relaxation curve has decayed to within lIe of equilibrium (Howard et. aI.,

1993). The average T2 value weighs all the pore sizes with the same importance.

Therefore the T2 times representing the rnicropores, which have little contribution to

permeability, have the same importance as the T2 times representing the large pores,

which contribute significantly to permeability. Consequently, the reason for applying a

weighted T2 method is to place more emphasis on the larger pores.

Table 1. Assignment ofrelaxation times and petrographic pore types.

NMR Relaxation
Type ofPores

Time

0.1 to 10 msec Pores associated with clay

10 to 20 msec Pores associated with dissolution ofquartz and feldspar

20 to 100 msec Primary porosity

100 to 1000
Secondary porosity

msec

The weighted T2 value used in this study is calculated using the proportion of

total porosity for the time divisions discussed in the previous section above. The modal

T2 for each time division is determined and multiplied by the fraction ofthat time division

based on the total relaxation time. The weighted T2 is the sum ofthe T2 for each time

group. Comparison reveals that the weighted T2 values are slower than the average T2

values (Figure 22) and the plot ofthe average T2 value vs. the weighted T2 value has an

exponential relationship. The low permeability samples have a weighted T2 value and a
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mean T2value comparable to each other since they contain a narrow distribution of small

pores. In contrast the higher permeability samples display a greater difference between

the weighted T2 value and the mean T2 value because the weighted T2 places more

emphasis on the large pores than the small pores.

For example, sample K 6264.1 has a core porosity of20%, NMR porosity of 19%

and a core permeability of 85 md. Figure 23 is a thin section photo of sample K 6264.1

showing the clay and the large amount of porosity in the sample. The average T2 for this

sample is 61 msec and the weighted T2 is 208 msec. Figure 24 shows the NMR

relaxation distribution curve for sample K 6264.1. In terms ofweighted T2, 36% of the

total relaxation is <100 msec or slow relaxation time (Figure 24). For this sample, the

weighted T2value better represents the pore-size range and its contnbution to

permeability than does the average T2value.

As a second example, sample M 13288 is a quartz grain-rich sandstone that is

quartz-cemented and has a core porosity of 4.5%, NMR porosity of2.7% and core

permeability ofless than 1 md. The NMR porosity is lower than the core porosity due to

the small pores that are below the detection limit of this NMR instnunent. The detection

limit ofNMR instruments is based on their strength; a stronger instrument would be able

to measure the smaller pores. Figure 25 is a thin section photo of sample M 13288. This

thin section photo was taken in polarized light. The percentage ofthe NMR curve that

represents fast relaxation times «10 msec) is 68% (Figure 26). Therefore, a properly

weighted T2 value will portray the large percentage of fast relaxation times, while also

taking into account the slow relaxation times (32% oftotal). The average T2 for this

sample is 8.6 msec while the weighted T2 is 23 msec. Both the average T2 and the

weighted T2 for this sample are relatively fast. For low porosity/low permeability samples
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such as this one, the average T2 and weighted T2tirnes are similar. However, the

weighted T2 procedure, described above is still applied to the low porosity samples in

order to be procedurally consistent with the correction applied to the higher

porosity/permeability samples.

Petrography and Core Analysis Data

The Morrow Sandstone samples in this study are divided into three distinct

populations based on their position on the porosity vs. permeability cross-plot (Figure 27

and Table 2). These populations are subjective groups and based on visual inspection of

the data. Statistical tests were not used to classifY the data into the populations.

Appendix 2 contains a brief summary of the relationship between the petrographic and

relaxation distribution of each sample. The following discussion focuses on the relaxation

distribution times for each of the porosity-permeability populations (Figure 21).

Table 2. Porosity-Permeability Populations

Population Samples

High porosity/high
K 6252, K 6256.6, K 6264.1, K6259.8

permeability

Intermediate K 6243.1. K 6245.1, K 6246, K 6249A, K 6249B,
porosity/medium I K6250.8, K 6253.4, K 6257.1, K 6261, K 6263, K 6266,
permeability K 6266.4,

Plotted M 11886, M 11888
Low
porosity/low

Not K 6240.6, K 6267.1, M 13288, M 13291, B 12807.permeability
Plotted B13624, B 13629

""---

Permeability measurements were difficult to obtain on many of the samples in

Population 3 due to the fact that the permeability is less than 1 md. The samples that are
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not plotted on Figure 27 (see Table 2) are the samples that have a permeability of less

than 1 md.

The porosity for each sample within a population is divided into four pore-size

groups. N1'vfR does not classify pores according to type (i.e. secondary or primary) but

instead classifies pores according to size. Pores of the same size could have been derived

from different processes. For this thesis, the dominant type ofporosity occurring in each

pore group is described. The first pore-size group, Pore Group I, is dominated by

porosity associated with visible clay clusters of chlorite and kaolinite. The average pore

size for this group is 40 microns. The porosity associated with dissolution ofquartz and

feldspar is the dominant type ofporosity found in the second pore-size group, Pore

Group II. These are pores that occur within grains. The average pore size for this group

is around 120 microns. Primary porosity is defined as the intergranular pores found

between the framework grains. The pore size of primary porosity for this study is around

120 to 150 microns. This is the dominant type of pore composing Pore Group III. The

fourth pore group, with a mean pore-size of 400 microns, is formed through complete

dissolution (secondary porosity) of framework grains. Both Pore Group II and IV contain

secondary porosity. Pore Group II is distinguished from Pore Group IV in that the

original mineral outline is visible in Pore Group II. These voids are the pore spaces

within the circumference of the mineral being dissolved. The original mineral outline is

not visible in Pore Group IV. Some of the porosity in Pore Group IV, though interpreted

to be secondary porosity in origin, may contain primary, preserved or enhanced porosity.

The first population contains samples that have high porosity and high

permeability (Figure 27). These samples have core porosity greater than 20% and core

permeability greater than 60 md. The high porosity-/high permeability-sandstone
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population is characterized by:

1) a quartz grain content (about 60%) that has an average grain size of about 400

microns,

2) a high kaolinite content, (about 9%) found mainly filling the secondary pore

space (leached grains) and enhanced primary porosity

3) a high chlorite content, (7.5%) found surrounding the quartz grains and as

clusters in the secondary porosity. Voids occur within the clusters ofchloritic

clay where fossils or minerals have dissolved (Figure 28).

The samples also contain 3.5% or less ofquartz overgrowths and less than 1% heavy

minerals, muscovite, biotite, siderite, organic matter, and rock fragments. (See Appendix

2 for a complete description ofeach sample.)

The dominant type ofporosity found in the high porositylhigh penneability

population is from Group IV. Pore Group IV comprises 35% to 50% of the total optical

porosity (TOP). The diameter of the pores is between 200 to 500 microns. The pores

contain clay, and minor amounts ofheavy minerals, muscovite, biotite, siderite, organic

matter, and rock fragments.

Pore Group III comprises between 19% to 33% ofTOP for the high porosityfhigh

penneability population. This pore group tends to be volumetrically smaller than Pore

Group IV because of the quartz overgrowths that fill the primary pores. The average

diameter of the pores is 120 microns. The primary pores contain less clay than the

secondary pores.

Pore Group I comprises between 5% to 33% of TOP. The average pore diameter

for this group is 40 microns. The voids contained within the clusters ofclay can be as

large as 100 microns. Figure 28 is a thin section photo ofK 6246.1 that illustrates the
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voids in the clay fonned from dissolution of unstable minerals.

Pore Group II averages 15% of the TOP. The average pore size associated with

this pore group is 120 microns. Appendix 2 contains the amounts ofthe different

porosity types for each sample in this population.

Table 3. Table showing the correlations between porosity and NMR distnbutions.

% of NMR Distribution in Pore Group

SAMPLE
CORE

NMR POROSITY Group I Group" Group III Group IVPOROSITY
K6240.6 7.27 5.63 79.71 3.00 7.68 9.60
K6243.1 10.86 16.93 39.01 19.44 13.36 28.11
K6245.1 16.25 17.29 37.64 19.13 21.01 22.23
K6246 17.20 14.52 26.40 21.64 26.89 25.07

K6249A 14.56 11.68 28.81 17.27 26.80 27.11
K62498 17.14 17.09 29.89 20.08 26.74 23.29
K6250.8 17.80 16.98 23.22 18.12 25.96 32.69
K6252 22.76 23.49 18.51 18.11 24.12 39.26

K6253.4 18.51 17.70 30.31 21.75 25.67 22.27
K6256.6 23.31 23.24 14.11 21.69 28.88 35.31
K6257.1 18.65 18.90 14.05 18.49 35.16 32.26
K6259.8 22.42 20.86 12.77 12.88 38.67 35.67
K6261 17.09 17.82 11.92 19.49 36.05 32.54
K6263 18.11 17.48 16.76 22.98 38.28 21.98

K6264.1 20.22 19.97 7.83 16.05 39.99 36.14
K6266 17.17 18.13 15.40 24.84 37.49 22.28

K6266.4 14.07 15.65 13.16 20.25 38.14 28.46
K6267.1 9.61 10.71 23.95 35.93 29.91 10.22
812807 0.51 1.02 63.88 15.17 12.18 8.78
813624 0.48 0.92 92.90 7.10 0.00 0.00
813629 9.03 9.93 51.21 8.90 15.06 24.63
M11686 4.47 15.66 26.46 17.17 24.95 31.42
M11888 7.93 9.36 17.32 16.49 20.30 45.89
M13288 4.53 2.68 66.76 16.52 14.72 0.00
M13291 -0.57 3.51 58.94 6.22 12.07 20.77
M13202 2.27 1.05 73.10 1.43 25.47 0.00

The total area under the relaxation distribution curve for the high porosity/

permeability population compares favorably with TOP (Figure 21). The percentages of

the NI'v1R relaxation distribution for each individual sample are shown in Table 3. The

relaxation distribution between 0.1 to 10 msec corresponds to Pore Group 1. For this
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population, the percentage of the NMR relaxation distribution that correlates to Pore

Group I comprises about 13% of the relaxation distribution. Pore Group II corresponds

to the 10 to 20 msec portion of the relaxation distribution. This pore group comprises

about 17% ofthe total distribution. Pore Group III correlates to the 20 to 100 msec

portion of the relaxation distribution. Pore Group III can be attributed for about 34% of

the total relaxation distribution for this population. Pore Group IV is associated with the

100 to 1000 msec portion ofthe relaxation distribution, and accounts for 36% ofthe total

relaxation distribution.

The second population of samples has slightly lower porosity and permeability

values. The porosity values range between 8% to 20% and the permeability values range

from 10 to 40 md (Table 2).

The mineralogy ofthis population oflitharenites is dominated by

1) a quartz (about 60%) grain content with an average grain size of700 to 1400

microns, (medium to coarse sand).

2) chlorite, (about 7% of the sample) found surrounding the quartz, calcite, and

dolomite grains. Cw.orite is also found as clusters filling the secondary

porosity.

3) kaolinite, (6% of the total mineralogy) mainly found filling the secondary

porosity.

4) minor amounts ofcalcite and dolomite, calcite varies from less than 1% to

10% of the total composition. Dolomite comprises between less than 1% to

5% ofthe composition.

5) quartz overgrowths (less than 1% to 3% ofthe total composition).

6) less than 1% of rock fragments, heavy minerals, siderite, biotite, and
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muscovite.

The dominant type of porosity for the intermediate porosity/medium permeability

population is Pore Group IV. Pore Group IV comprises about 36% ofthe TOP with an

average pore diameter between 200 to 500 microns. The porosity associated with pore

Group I comprises about 20% ofthe TOP. The largest pores associated with this pore

group are 40 microns in diameter. The porosity associated with Pore Group II comprises

about 30% of the TOP, with an average pore diameter ofless than 120 microns. Pore

Group III comprises about 19% ofthe TOP having an average pore diameter of 120

microns.

As with the first population discussed, the total area under the relaxation

distribution curve compares favorably with the second population as well. The

percentage of the NMR relaxation distribution for each sample is shown in Table 3. The

porosity associated with Pore Group I corresponds to the 0.1 to 10-msec portion ofthe

relaxation distnbution (which is about 33% of the total distribution). The portion ofthe

relaxation distribution that is associated with Pore Group II is between 10 to 20 msec.

This portion ofthe relaxation distribution comprises about 27% ofthe total relaxation

distribution. Pore Group III is associated with the 20 to 100 msec portion of the

relaxation distribution (comprises about 25% ofthe total distribution). Pore Group IV is

associated with the 100 to 1000 msec portion ofthe relaxation distnbution (which is

about 27% of the total distribution).

The third distinct reservoir-quality population consists of low porosity and low

permeability samples. The porosity values are less than 8% and the permeability is less

than 3 md (Figure 27). Within this population the samples contains two distinct

lithologies. As determined by thin-section petrography, the first lithology is a siltstone
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composed ofclay matrix and less than 30% quartz grains (samples K 6240.6 B 13624

and B 13629) and the second lithology is a fine- to coarse-grain sandstone that contains a

significant amount ofpore-filling cement. The siltstone contains subrounded quartz grains

that have an average diameter of 70 microns. The only visible porosity found in these

thin sections is porosity associated with clay.

The samples in the third population (minus the siltstones) are dominated by:

1) quartz (approximately 70-80%) grains that have an average grain size of200

to 400 microns.

2) three types ofcement (each type comprises between 2% to 10% ofthe

samples) quartz overgrowths (about 6%), calcite cement (about 4%- though

one sample contains 48%) dolomite cement (about 2.5%) ofthe total

composition.

3) less than 1% muscovite, biotite, fossils and rock fragments.

Pore Group IV dominates the TOP in this group of sandstones (about 75%). Pore Group

III is almost absent in these samples. A few samples contain small amounts ofPore

Group I and Pore Group II. The porosity values for each of these samples are shown in

Table 3.

Pore Group I is associated with the 0.1 to 10-msec portion of the relaxation

distribution and accounts for 29% to 93% ofthe total distnbution (Table 3). Pore Group

II corresponds to the 10 to 20 msec portion ofthe relaxation distribution (about 9.5% of

the total NMR. distribution). Pore Group III corresponds to the 20 to 100 rnsec portion

of the NMR. relaxation distribution (about 16% of the total distribution). Pore Group IV

corresponds to the 100 to 1000 rnsec portion of the relaxation distribution. This

corresponds to about 23% ofthe total distribution.
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Porosity Relationships

The unique populations that are observed in the core porosity vs. core

permeability plots are also noticeable as distinct populations in the core porosity vs. NMR

porosity plot (Figure 29). The plot of porosity vs. NMR porosity yields a strong

correlation between the two porosity measurements (r =0.92). The r-value is referred to

as a correlation coefficient. The higher the absolute value ofthe correlation coefficient,

the stronger the linear relationship between the variable pairs on the cross-plot. The r­

values can range from-l.O to 1.0. A negative r-value indicates an inverse relationship

and a positive r-value suggests a positive relationship. The core porosity measured by a

Boyles' Law gas porosimeter measures the pore volume by determining differences in gas

volume at pressure. In contrast, the NMR porosity "counts" the hydrogen protons that

fill the same pore volume. In a fully water-saturated sample, all the pores will contain

water. Since the water contains hydrogen atoms, all the pores will be measured during a

NMR measurement

The porosity-permeability populations are also present in a plot ofcore porosity

vs. MICP porosity (Figure 30). The populations are more obvious at low and

intermediate porosity values. At high core porosity values, the MICP porosity is much

less than the core porosity. The r-value for the core porosity v. MICP porosity is 0.9,

which is slightly less than the NMR porosity plot. The low MlCP readings observed in

the high porosity samples might be due to a number of factors, though in this case the

error is probably due to problems in the estimation ofclosure pressure (Figure 30).

Closure pressure is subtracted from the .MICP porosity to correct for "non-porosity"

irregularities in the sample chip. The "non-porosity" irregularities are natural surface

irregularities that are produced when the sample chip is prepared for measurement.
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T2 Cutoff

The T2cutoff distinguishes the movable fluids from the irreducible water within a

sample. The T2cutoff can vary within a single lithology (Coates, 1999) ifa portion ofthe

stratigraphic section is finer grained or contains more clay or cement than the rest of the

section. The increase in clay or cement will decrease the T2 cutoff. Centrifuged samples

are used to detennine the water content at irreducible water saturation (Swi). After

centrifuging the sample, the water remaining is the irreducible water. The NMR

measurement is made on the centrifuged samples. The Swi T2cutoff is defined as the

slowest relaxation time on the Swi relaxation distribution. The Kaser samples were

centrifuged for two hours at 5000 rpm in order to determine the T2 cutoff. The Swi

cutoffs range from 4.9 msec to 74 msec (Figure 31). The majority ofthe 8wi cutoffs in

this study are around 33 msec, which is a finding consistent with other research for

sandstones (Kenyon, 1997). When calculating permeability in this study, the 33-rnsec

cutoff is used.

The amount of bound fluid can be determined by taking the proportion of the

NMR curve that is faster than the cutoff. Sample K 6240.6 has a Swi cutoff at 4.9 msec;

the percentage ofbound fluid is 77%. Figure 32 is the Swi relaxation curve for sample K

6240.6. When the 33-msec cutoff is applied, the percentage of bound fluid increases to

84%. The increase in bound fluid inferred to be present in the sample based on a 33-msec

cutoffwould affect the outcome ofthe calculated permeability. The increase in bound

fluid estimated from this technique will result in penneability calculations that are lower

than the measured permeability.

Sample K 6249A has a Swi cutoffat 74 msec. At a cutoff of 74 msec, the

percentage of bound fluid is 73%. This bound fluid estimate is lowered to 53% when the
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cutoff time is decreased to 33 msec. Figure 33 shows the 8wi relaxation curve for sample

K 6249A. The net result in a lower BVI will also affect the outcome ofthe calculated

permeability, resulting in estimates that maybe larger than measured permeability.

Coates-Timur Penneability Results

There are several ''versions'' of the Coates-Timur equation; the one used in this

thesis is the "original" Numar version. In this study, when using recommended default

values for the Coates-Tirnur (C-T) equation shown below, calculated permeability values

are lower than the core penneability.

k= (~/I0/* (FFlIBVI) 2 (Eqn.23)

where 4l is the NMR porosity in percent and FFlIBVI is the T2 cutoff time that best

matches the Swi value (Figure 34). The standard equation using 8wi parameters also

calculates penneability lower than the standard equation using FFI/BVI ratio at 33 msec

(Figure 35). In order to improve the fit of calculated penneability with measured

penneability, a "guess and check method" was used to adjust the exponents. When the b­

variable was being "adjusted" the a- and c-variables were held constant. The final

equation, which yields a "best-fit" to the measured Swi penneability, is:

k= (4'/9/
5* (FFI/BVI) 1.5 (Eqn.24)

Figure 36 shows a calculated 8wi permeability vs. core penneability cross-plot using the

above equation. The large amount of scatter within the FFI/BVI ratio fur the 8wi data

set makes it difficult to calculate a permeability this is in agreement with the measured

core-analysis penneability. For this reason, the FFIlBVI value is determined using the 33

msec cutoff.

The comparisons from this thesis show that the Coates-Tirnur penneability equation

calculates permeability values that are lower than observed for the measured core
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(Eqn.25)

permeability. Figure 37 is a plot of the standard C-T equation using the default

parameters. In order for the C-T permeability to agree with the core permeability the a-,

b- and c-variables must be adjusted until the calculated permeability correlates as close in

agreement with the core permeability as possible.

The r-value is an approximation of how strong the correlation is between the

calculated and the core permeability. A simple comparison of r-values does not

necessarily provide the best answer. Therefore, the use ofgraphs and visual inspections

ofthe results are needed. The calculated permeability and the core permeability with the

highest r-values were graphed in order to detennine which values for a-, b- and c provide

a permeability estimate that is closest to core permeability (Figure 38). Figure 38

illustrates how two equations can have the same r-value, of 0.89, yet one equation is

visually closer to the core permeability than the other. The equation

k= (<<fI/8.7) 56 * (FFIIBVI) I.l

calculates a permeability that corresponds to the highest r-value, but visually it does not

correspond closely with the core permeability. The equation

k= ($/9.5) 5 * (FFIIBVI) I (Eqn.26)

visually correlates closer to the core permeability, even though it has the same r-value of

0.89 as Equation 25. For the Coates-Timur equation to correlate well with the core

permeability in the Morrow Sandstones, the a-value is adjusted to be about 9.5, the b­

value is adjusted to about 5, and the c-value is detennined to be around 1 (Figure 39).

SDR Permeability Results

In contrast to the C-T comparison made above, the SDR standard equation

calculates permeability values that are higher than the measured core permeability. As

with the C-T discussion, the a-, b- and c-variables in the SDR equation must be varied in
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order to find a better fit to the measured data. Recall the standard SDR equation from

Chapter 1:

k = 4*~4* T/ (Eqn. 27)

Since the porosity is in fractional form, the lrvariable should be increased in order to

decrease the calculated penneability, when compared to the standard equation. As with

the C-T penneability calculations above, the "guess and check" method is applied to

detennine the variables that yield the closest calculated penneability to core penneability.

Figure 40 is a plot ofthe log of the core penneability vs. calculated SDR penneability

using the standard equation.

The weighted T2value is used in this equation since the weighted value better

represents the sample's pore system than does the average T2. The T2 value for all the

samples ranges from 70 msec to 260 msec. The T2 component ofEquation 27 increases

exponentially for the large T2 values when the c-variable is increased. The c-variable was

also decreased in order to lower the calculated permeability. The c-variable is decreased

in small stepwise increments since larger decreases tend to lower the calculated

penneability too much. While the c-variable is being decreased, the a- and b-variables are

held constant. To further decrease the calculated penneability value, the a-variable is

slightly decreased also.

Figure 41 illustrates that the following equation yields penneability values that are

closer to the measured core penneability.

K= 4.5*<1>4.55 * T21.82 (Eqn. 28)

For the SDR equation the a-, b- and c-variables can vary slightly from the

recommendations in Equation 28 and similar results will be achieved.
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Chapter 5 - Conclusions

Following are the main observations and recommendations about the use of NMR

logging in the Morrow Fonnation reservoirs:

1) Data analysis suggests that NMR porosity correlates more strongly with core porosity

than with porosity detennined by mercury-injection capillary pressure (MICP). The

MICP porosity does not correlate well with NMR response because of instrument

error or because of measurement (human) bias in determining the closure pressure, or

both.

2) The strong correlation between NMR porosity and core analysis porosity (r =O.89?)

suggests the two techniques are measuring similar attributes of the rocks and

provides strong support for the use of NMR in reservoir characterization.

3) The NMR relaxation curve for a given time range corresponds closely with andstone

pore sizes. By assigning pore sizes to NMR time ranges, a geoscienti t is better able

to determine the proportion of pore types in the fonnation of interest. The

proportions of pore sizes and pore types determine the permeability of the formation

through relationship to pore throat sizes.

4) Some of the deeply buried sandstones in this study have low porosity for different

reasons; some samples have low porosity due to compaction of abundant clay matrix,

while other matrix-free samples have low porosity due to abundant quartz cement.

NMR response cannot distinguish between these two varieties of low porosity
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sandstone. As a rule, the e two varieties of sand tone will occur in different

depositional environments in the Morrow Formation.

S) The 33-msec T~ cutoff is used to define the boundary between bound-fluids and free­

fluids in this data set (an industry convention). The cutoff, which i used to determine

Swi, yields Swi estimates for the Morrow data set with a large amount of scatter. The

scatter is probably because the data were collected from three wells spread over a

large geographic area. The amount of variation would probably decrease if the

calibration data had been restricted to one field with similar geologic conditions.

6) Permeability Calculations - Two different equations were used to calculate

permeability from the NMR data:

a. Coates - Timur Equation

The 33-msec T2 cutoff is used in the Coates-Tirnur equation. The default equation

(Equ 23 in text) yields a permeability estimate that is less than the core

permeability. By adjusting the exponents, the equation become :

K =(~/9.S)5 * (FFIJBVn J

This adjusted equation gives calculated permeability estimates that are more closely

aligned with the core permeability measurements (r =?).

b. SDR Equation

In this thesis, the weighted T2 method is used as input to the SDR permeability

equation rather than using the average T2 value. The weighted T2 value better

represents the relative importance of different pore sizes (and hence, pore throat

sizes) for controlling permeability in sandstones. In contrast to the Coates-Timur

equation discussed above, the default SDR equation (Equ 27 in text) yields
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permeability estimates that are higher than the core permeability. By adjusting the

exponents, the equation becomes:

K= 4.5 * <p4.55 * T2 1.82

This adjusted equation gives calculated permeability estimates that are more closely

aligned with the core permeability measurements (r =?).

It is not clear why the two techniques (Timur-Coates and SDR) give such different

results relative to standard core-analysis permeability.

7) Relative to core analysis, the NMR technique provides very good estimates of

reservoir porosity (as discussed above under #2). However, the estimates of reservoir

permeability are not in good agreement with the core analysis permeability. This may

suggest that this thesis experiment has problems with estimates of Swi. Another

option is that the equations used for estimating permeability from NMR data

(modifications of the Carmen-Cozcny (sp?) equation) are not appropriate models to

use for describing the controls on permeability in a granular media. Thi explanation

may be particularly true if the media ha been deeply buried and diageneticaJly

altered.

X} As demonstrated by this thesis, a successful NMR logging program in a new area

requires careful calibration of the tool with the local rock properties. The calibration

is best performed with samples directly from the penetrated formation ( amples from

conventional core, sidewal1 core, or cuttings).

9) Service companies will calibrate the NMR tool with the local rock properties. The

local rock properties reflect the geologic conditions at a position in a basin.

Consequently, NMR logging without careful calibration to a formation may be of
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limited value in an exploration setting unless the controls on the regional rock

properties are the same from location to location within the ba in. For example,

changes in geology might require that each field or each depositional environment

within a small area be calibrated to the NMR log. The process of calibrating the

NMR tool is similar to the procedures outlined in this thesis.

10) NMR logging data can provide valuable input (porosity and permeability) to the

building of reservoir models (reservoir simulation or geologic facies models) if the

NMR logs are carefully calibrated to the rocks.
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73 3 0 2 3 e 1 4 I 2 4 1 0 0
8 8 I 1 0 8 2 4 2 3 4 1 0 0
88 0 4 3 2 8 I 0 3 3 1 2 0 0
50 7 t 4 2 22 3 7 2 0 0 2 0 0
70 4 2 2 0 0 1 8 2 e 2 0 0 0
80 0 0 2 2 7 1 g t 5 5 I 0 0
50 8 0 0 1 .8 4 5 I 2 , 0 0 ,
85 0 I 1 3 14 2 8 2 4 , I 0 0
80 8 3 4 3 8 1 4 1 5 2 2 0 0
50 0 1 2 3 18 4 5 2 7 1 I 0 0
80 0 3 1 t 10 3 11 , 8 2 2 0 0
82 3 0 0 0 11 3 0 1 3 1 I 0 0
88 3 1 , 0 8 8 2 5 3 0 0 0
38 10 2 1 0 12 2 4 , , 1 I 0 0

3 20 I , 0 8 3 g 2 3 1 2 0 0
54 7 2 5 2 12 4 8 I 3 0 3 0 0
55 15 0 3 4 12 5 2 0 0 3 0 0
38 7 0 5 5 8 2 7 , , , 3 0 0
33 1 2 4 0 13 3 13 1 3 2 2 0 0
38 5 t 2 1 15 , 8 2 3 2 2 0 0
38 8 1 5 0 g 2 I' 2 3 3 2 0 0
81 3 0 3 2 3 , tD 2 3 1 3 0 0
48 15 2 3 3 10 2 5 2 8 0 0 0 0
48 15 0 2 4 7 I 5 2 4 0 2 0 0
58 2 0 , 2 11 2 10 2 3 1 I 0 0
Ill! 5 0 t 1 1 1 8 2 3 2 3 0 0
50 4 I 3 2 13 I 11 I 4 2 0 0
88 12 • • 1 1 0 I 0 1 5 2 0
84 10 0 0 0 8 , 5 , 4 3 5 0

33 25 0 0 8 8 Z 14 2 4 5 2 0 0

41 10 0 0 8 15 1 1 3 4 • 0 0
0 0

'"'" 87 0 2 02488 8.14 328 1.4 58 0.2 14 0.8 we 0.8 404 t.t 78 0.1 32 0.1 83 0.12 leo 0.8 12 0.2 012 1 0 0.v......
0.0 0.0 0.' 0.0115.7 \.5 15.3 1.4 1.1 0.2 3.' 01 '.8 0.4 11.8 0.1 3.5 01 15.2 0.5 U 0.' 7.' 0.5 3.4 0.2 3.1 0.1 0.0 0.0

totalsurn
'"3,0

_lad
58,3 7.8 0.8 1.1 2.3 U 11 1.8 1 5 38 ',7 1,8 0.0 0.0 0.0



ke253.4 2.5 ...
_ondlrv PII".rv

Mono -POlY lID COIcflI lID Dolo lID K.o_-Cloy lID P"",/cIo -Of.. lID Poro/cis. .ID I.....""" .ID ...1 -Qtzov.r 11m '_ueonlt. lID HI-,,*, lID • nics-cerbonl" 11m ....cClV1tl lID 1- lID &ltolt..... .ldIrl1. lID
81 0.5 • 0.3 0.2 0 • 0.2 17 0.2 I 0.1 8 0.3 I 0.1 4 0.2 0 0 0 1 0.2 0 0 1 0 0 0 mI_., 0.5 • 0.5 0 0 I 0.3 18 2 28 I S 0 1 0.1 0 I 0 0 I 0 0 0
2S 1 21 o.a 0 0 0 12 I 18 2 3 , 0.1 1 0 2 0 7 0 0 0
55 0.8 3 0.8 0 0 7 12 0 • 2 • 0 2 0 0 0 • 0 0 0
SO 0.5 0 0 0 5 0 1 20 3 , 0 1 0 I 0 0 0
.0 0.8 '0 0 0 0 ,. 2 7 I 3 2 I 0 I 0 0 0 1 0
72 0.5 • 0 0 7 12 1 0 0 3 I 2 0 0 0 0 0 1 0.2
S2 0 0 0 3 18 1 I 2 0 1 0 0 0 0 0 0
31 , 1 0 8 10 2 1 0 • 0 0 0 1 0 0 0 1 0
80 1 1 0 10 U • 8 I 1 0 1 0 0 0 0 0 0 0
S. 20 0 0 5 11 • 2 0 2 0 0 0 1 0 If 0
SO 25 0 0 2 12 t 2 I 3 2 2 0 0 0 0 0 0 0
52 20 0 0 S 10 2 • 1 • 0 0 0 I 0 0 0 0 1
a3 1 0 0 4 I 2 , • 0 1 0 1 0 0 0 0 0
80 10 0 0 17 1 2 1 3 1 2 0 1 0 0 0 0 0
54 15 0 0 3 11 3 3 1 2 2 0 0 0 0 I
81 10 0 0 5 13 2 3 I 3 0 1 0 0 0 0 0 0 1
57 0 0 0 15 12 2 8 1 3 1 0 0 0 0 1 0.2 0 0
ee 0 0 0 5 15 2 • 1 3 I 2 0 1 0 0 0 0
82 4 0 0 4 17 2 4 1 2 0 1 0 2 0 0 0 0 f
41 25 0 0 3 10 2 13 3 1 1 , 1 0.2 0 0 0 0 0 0
57 10 0 0 1 10 3 13 4 1 0 1 0 0 0 0 0 0
37 0 0 0 II 18 2 8 2 3 0 3 0 0 0 0 0
8S 1 0 0 5 10 3 5 2 2 3 0 1 0 0 0 0
.5 0 0 0 0 12 2 20 2 0 1 0 0 S 0 0 1
8 0 0 0 13 0 2 4 2 3 0 2 0 0 0 0 0 0 0
80 0 I 0 S 7 2 20 2 • 0 0 0 7 0 0 0 0
sa 2 0 0 7 0 3 7 2 2 1 2 0 0 0 0 0 0
78 3 0 0 3 8 2 4 I 1 I 0 0 0 0 0 1 0
81 1 0 0 a 15 1 8 I 2 I 3 0 0 0 0 0 0
sa 10 0 I 0.8 I U 3 7 1 2 I 1 0 0 0 0 0 0 I

...
0.2 1'.0 0.1 .1.0 0.1 1.0 0.2 15.0 0.2 12.0 0.0 180 20 3.0 O. 3.0 00 10.0 0.21738.0 4.4 227.0 2.• 4. 0.2 1.0 0.8 '77.0 0.5 375.0 0.2 81.0 0.1 237.0 0.3 43.0 0.1 82.0

IV.lna
0.2 0.5 0.2 0.• 0.0 O. 0 0.1 02 01 0.0 O. 0.2!e.I 0.8 73 0.8 0.1 0.2 0.0 0.8 5.7 0.3 '2.1 0.2 2.0 0.1 7.8 0.3 ... 0.1 2.8 0.2 0.8 0.1 1.3 0.1 0.0

IOtllll.A'n
3084.0_0

1.3 0.0 0.5 0.4 0.5 0.' 0 0!e.7 7.• 0.1 0.0 5.' 12.2 2~0 7.7 I .• 2.7 0.8



k825U 2.S ...
Socondo", P~""'"

Mono ala Po" .... Catclt, ,120 OolDrnto lllO K,.olntte sID Clov sID Poro/c" sID Ill.. sla Poro/clsl lia I Darolttv II.. ooroal1Y lin troyer lia HlI" mn sID OtOlnics lID carbo",te ,ID 'It, IIzI 1lI0m, lID Iidlrtt, IIzI
80 1 5 0.7 2 0.2 0 7 0.2 7 0.' 2 0.2 7 0.2 1 0.1 2 0.2 3 0.2 3 0 0 I 0.' 0 0 0
81 0.5 8 1 0 3 0.8 ~ 3 5 2 • 2 3 0 0 0 0 0 1
58 0.8 8 0 0 1 11 • 8 2 5 • 2 0 0 0 0 0 3
5. 0.5 5 0 0 2 10 3 8 2 8 3 • 0 0 0 0 2 3
5~ 0.7 1 1 2 0.1 6 7 5 5 2 2 1 2 0 0 0 0 1 0
55 1 7 1 0 8 ~ • 5 1 1 2 3 0 0 0 0 0 0
51 1.2 8 1 I • 8 8 8 2 5 2 2 0 1 0.1 0 2 0 0
83 8 0 0 3 8 • 8 3 5 0 2 0 0 0 0 0 0
.8 5 0 0 ,. 11 3 7 • 5 2 3 0 0 0 0 0 0
35 ~ 0 0 12 1 2 • 5 8 10 2 0 0 0 0 0 0
38 5 0 0 17 11 3 10 • I 2 2 I 0.1 0 I 0 0 0
58 3 0 0 8 I 2 8 • 2 2 3 0 0 0 0 0 2
37 8 0 2 17 12 • 7 • 7 0 2 0 0 1 0 0 2
51 5 I 0 ,. 8 1 8 2 3 1 3 0 0 0 0 1 0
58 3 2 0 8 11 2 8 2 1 2 2 0 0 0 1 0 0
54 5 0 0 ~ ~ 3 10 3 1 3 2 0 0 0 0 0 0
81 8 0 0 5 10 2 • 3 5 3 1 0 I 0 0 0 0
57 • 0 0 8 1. 1 5 2 3 • 2 0 0 0 1 0 0
51 3 0 0 5 ~ 1 8 2 8 • 2 0 0 0 0 0 0
58 2 1 0 3 10 2 10 I 8 3 3 0 0 0 0 0 0
82 0 1 0 9 9 2 5 1 8 3 2 0 0 0 0 0 0
$8 0 1 • 8 7 , 7 3 8 1 3 0 1 0 0 0 0
83 2 0 1 7 ~ 2 5 2 3 3 3 0 0 I 0 0 0
80 2 I 0 I ~ 1 5 1 • • 3 0 0 0 0 1 0
52 3 2 3 • 10 3 7 2 8 • 3 0 0 0 1 , 0
81 e 0 0 • 8 2 5 2 8 0 3 0 0 0 0 0 0
82 2 0 0 9 ~ 1 8 1 8 1 2 0 0 0 2 0 0
53 5 0 0 10 II 2 8 2 2 2 3 0 0 1 0 0 0
.8 7 0 0 12 18 1 8 I 3 3 3 0 0 0 0 0 0
88 1 I 0 8 12 I 5 , 0 3 • 0 0 0 0 0 0
54 I 3 0 1\ • 1 8 • • 2 3 0 0 0 I 0 0
58 0 0 3 7 10 2 7 2 1 1 2 0 0 0 0 0 0
82 8 0 3 8 7 1 5 2 3 2 1 0 0 0 0 0 I

sum
1830.0 5.' "'.0 0.7 ,'.0 0.2 11.0 0.1 254.0 0.8 308.0 0.' n.o 0.2 221.11 0.2 75.0 0.1 152.0 0.2 12.0 0.2 13.0 0.0 1.0 0.1 3.0 0.1 5.0 0.• 8.0 0.0 8.0 0.0 12.0 0.0

IvefiDi
55.5 0.1 H 0.7 0.8 0.2 0.8 0.1 7.7 D•• ~.3 D•• 2.3 02 1.7 02 2.S 0.1 '.8 0.2 2.5 0.2 2.5 0.0 0.0 0.\ 0.1 0.1 0.2 oA 02 0.0 0.2 0.0 0.• 0.0

totatsum
32~~.0_....

55.5 '.' 0.8 0.8 1.7 •.3 2.3 8.7 23 '.8 2.5 2.5 0.0 01 0.2 0.2 0.2 D.'



1<8257.1 2.5"0
Porosttv POfOsity SecondO'" Prl..", Hoi""

Mono sla Po" sla CalCltt 1110 0010 sla Klalrill sl,. Cia. sl.. cia. -Diss -chs sl.. orosJl\l lito loorasltv sl.. Qtz.ov.r sla lcauconlte sla min sl.. 0(0In1ct1 size lolao size C.r1)on IIze lilt lItt lliotitl sID sldetlt. olie
53 1.7 10 o.a 1 0.2 0 0.8 11 1 • 0.• 3 0.\ 5 0.8 1 0.1 • 0.1 I 0.1 3 0.1 0 0 0 0 0 0 0 0
47 1.1 15 1.8 1 0 10 0.8 • 1 a J • ; • 0 0 0 0 0 0 0
58 1 3 0.5 1 0 18 5 1 8 5 2 2 2 0 0 0 0 1 0.• 0 0 0
.8 0.5 5 0.• I 0 1 5 1 17 7 5 I 2 0 0 0 0 0 1 0.1 0 0
53 0.8 8 0.8 1 1 G • 2 7 J 5 2 J 0 0 0 0 0 0 0 0
54 0.5 5 1.4 0 0 8 8 1 8 J • 2 2 0 0 0 0 0 0 0 0
5. 0.• 15 0.8 0 0 2 5 0 10 1 J 2 0 0 0 0 0 0 0 0
4J 0.8 3 3 • 8 4 I 20 8 5 1 3 0 0 0 0 0 0 0 0
83 1.G 7 0 0 5 7 2 8 2 2 2 2 0 0 0 1 0.2 0 1 0 0
55 o.g 5 0 0 8 8 4 7 • J 1 2 0 0 0 0 2 0.• 0 0 0
n 5 0 0 2 • 1 2 0 J 1 • 0 0 0 0 1 0 0 0
58 2 0 0 7 1 0 20 5 5 1 2 0 0 0 0 I 0 0 0
82 10 1 0 7 • 1 g 2 J 0 1 0 0 0 0 0 0 0 0
.a 20 2 5 a 5 1 7 2 • 1 2 0 0 0 0 0 0 0 0
88 15 0 0 2 J 1 5 2 1 1 2 0 0 0 0 0 0 0 0
8G 5 0 0 10 5 2 5 2 1 0 1 0 0 0 0 0 0 0 0
12 J 0 0 5 • 2 • 1 2 1 2 0 0 0 0 • 0 0 0
5g 5 1 0 17 8 1 8 0 3 0 1 0 0 0 0 0 0 1 0
82 2 1 2 18 2 I a 2 3 0 1 0 0 0 0 0 0 0 0

47 0 0 I 8 • 1 30 5 0 2 0 0 0 0 0 2 2 0 0

71 2 0 2 Ii 3 I a 2 2 1 1 0 0 0 0 0 0 0 0

5\ 0 1 2 • J 2 27 5 • 0 0 0 I 0 0 0 0 0 0

7J to 0 0 • J 2 2 0 J I 2 0 0 0 0 0 0 0 0

81 5 2 • g J 0 • 1 a 2 2 0 0 0 0 0 0 1 0

7 0 0 0 20 2 0 2 0 2 0 1 0 0 0 0 0 1 0 0

ao 3 1 5 2 1 0 2 0 1 2 2 0 0 I 0.• 0 0 0 0 0

72 0 0 I 3 a 1 10 J I 0 1 0 0 0 0 0 0 0 0

aa 5 0 0 5 • 1 • 1 2 0 2 0 0 0 0 0 0 0 0

82 5 0 0 25 1 0 2 0 0 1 • 0 0 0 0 0 0 0 0

78 0 0 0 a 2 0 13 3 0 0 0 0 0 0 0 0 0 0 0

a. 5 0 0 3 10 1 • 2 1 0 2 0 0 0 0 0 J 0 1

al J 0 0 0 • 0 8 2 I 0 I 1 0 0 0 , 0 0 0

sum
0.4 1.0 0.2 12.0 1.2 a.O 0.1 2.0 0.0 1.0 0.0187g.0 G.• 178.0 a.J 17.0 0.2 27.0 0.8 258.0 l.a 141.0 0.• 35.0 0.1 270.0 o.a a1.0 0.1 au 0.1 30.0 O.t 58.0 0.1 1.0 0.0 .0 0.0 1.0

IV''''. 0.0 0.4 0.8 0.3 0.1 0.1 0.0 0.0 o.au 0.8 5.8 o.g 0.5 0.2 0.• 0.8 8.0 0.8 4.• 0.• t.t 0.1 •.4 o.a 2.5 0.1 U 0.1 0.8 0.1 U 0.1 0.0 0.0 0.0 0.0 0.4 00 0.2

tom tum
318s.o

_l1wd
0.0 0.0 0.4 0.3 0.1 0.082.1 5.a 0.5 o.a a.o ... t.t •.5 2.5 2.• o.g 1.8 0.0 0.0



1Ill2~9.1 2.5 .,.
S8eonde,." Prl ....rv roCk

Mono ala Po" ala Cllettt ala 0010 ala Klolnit. ala ell &In POt1)/cSl -Diu ala p..oIcha sla 100<0..... ala I DOraliN ala QIlOyer sla I_ucorjit ala H..~rftn ala or"ries 'Izo clrbonat. 'Ia rT'Idcovtt. size IIIta ".. aide"., al1w Ira ,Ira
51 0.4 2 0.4 1 0.1 1 0.1 15 0.1 5 0.4 1 0.1 5 0.' 2 0.\ 3 0.• 2 0.\ 1 0.1 0 3 0.4 0 0 0.' 0 Z 0 0
'8 0.8 10 0.8 3 3 0 0.2 5 2 I 3 11 0.2 4 3 I 0.2 2 0 0 0 1 0 0
52 0.3 3 0.4 3 5 2 I 0 7 2 II 9 • 0 0 0 0 1 0.1 0 0 0
85 0.4 2 1 1 2 3 1 4 2 II 4 4 0 0 0 0 0 0 0 0r.e 0.4 4 \ 3 3 Z 1 5 4 0 ~ 3 0 1 0 0 0 0 0 0
52 0.3 3 3 3 2 I 1 9 3 12 5 • 1 1 0 0 0 0 0 0
55 0.5 I 1 I 8 2 0 7 5 I I 3 0 0 0 0 0 0 0 0
48 3 2 5 20 1 1 I 2 0 5 4 0 I 0 0 0 0 0 0
5& 0 4 8 7 2 I 8 2 8 4 • 0 0 0 0 0 0 0 0
40 4 1 2 18 1 1 5 1 13 2 3 0 2 0 0 0 0 0 0
57 2 0 1 8 7 I 4 2 8 I 3 0 1 0 0 0 0 0 0
53 0 2 3 0 4 2 I 4 7 4 4 0 0 0 0 0 0 0 0
57 8 1 3 4 3 1 4 3 10 4 4 0 0 0 0 0 0 0 0
8' ~ I 3 3 1 0 5 2 8 3 5 0 0 0 0 0 0 0 0
17 3 0 3 3 a 3 2 1 0 • 3 0 1 I 0.2 0 0 0 0 0
e7 0 1 0 11 a 2 2 1 1 2 3 0 0 2 0 0 0 0 0
as 0 0 3 • a 0 5 I 10 3 3 0 0 0 0 0 0 0 0
sa 3 0 2 a 3 I a 2 II • • 0 0 0 0 0 0 0 0
sa 0 0 I 2 2 I I a 10 0 • 0 1 0 0 0 0 0 0
50 2 I 2 8 3 I 8 2 I 9 4 0 1 0 0 0 0 0 0
52 3 0 0 7 3 0 a 5 9 7 3 0 1 0 0 0 1 0 0
as 0 1 2 3 1 0 • 2 7 0 • 0 I 0 0 0 0 0 3 0.2
5' 2 3 1 8 2 0 4 1 9 11 5 0 0 0 0 0 0 0 0
54 0 2 3 20 I 0 4 • 10 7 4 0 1 0 0 0 0 0 0
a2 0 2 1 a I 0 4 2 \2 4 4 0 0 0 0 0 0 0 0
52 3 2 2 I I 0 1 2 14 5 5 0 0 1 0 0 0 0., a 1 I 10 3 0 a 3 10 I 4 0 0 0 0 I 0 0 0
52 2 0 I , I 0 I 3 12 a 5 0 0 0 0 0 0 0 1
r.e 0 I 3 5 I 1 7 • 13 3 5 0 0 0 0 0 0 0 4

•• t • 1 • 3 1 " 4 10 \0 4 0 0 0 1 0.4 0 I 0 0
37 0 2 5 13 a 1 7 I 10 9 0 I 0 0 0 1 0 0
45 0 I 3 5 • 2 7 1 10 4 3 0 , 0 I 0 2 0 I
57 13 1 0 I I , 2 0 0 1 2 0 0 0 0 0 0 0 3
ao 2 7 0 4 3 I 5 I • I 4 0 3 0 0 0 0 I 0
'0 \ 2 3 5 I 0 8 2 a • 4 0 0 0 0 0 0 0 1
a1 0 0 0 0 3 1 2 1 la 5 2 0 0 0 I 0 0
as 0 0 2 • 2 0 8 1 11 3 3 2 0 0 0 0 0 0 1
50 3 1 2 4 2 0 I 3 10 2 • 0 1 0 0 0 0 0
54 2 1 0 12 3 0 • 1 7 10 5 0 I 0 0 0 0
51 5 0 I 1 3 0 • 7 I 2 0 0 0 0 0 0 0
50 0 2 • II 1 0 3 2 5 10 2 0 0 0 0 0 0 0

aum
2'75.0 2.1 1010 1.1 58.0 '.1 10.0 0.1 217.0 0.' 123.0 0.• :Ii.O 0.1 234.0 O. '5.0 0.1 354.0 1.0 241.0 0.1 111.0 0.1 ••0 0.2 :Ii.O 0.• .. 0.2 30 0.' 2.0 0.1 0.0 0.0 1.0 0.0 4.0 0.2

IV'"
55.5 0.' B 0.5 1.4 0.1 2.2 0.\ 1.2 0.4 3.0 0.4 0.1 0.1 5.7 0.• 2.3 0.1 '.a 0.5 5.' 0.1 3.' 0.1 0.1 0.2 07 0.4 0.1 0.2 0.1 0.4 0.0 0.1 0.2 0.0 0.0 0.0 0.3 0.2

IOtal,um
'''4.0

..........d
55.3 2.5 1.' 2.2 7.2 3.0 0.7 5.7 2.3 II 5.1 3.1 0.1 0.7 0.1 0.1 0.0 0.2 0.0 0.3



.....
o
o

105281 2.S mo'
6e,.ondlrv Prl...",

1I0n0 Itzo PO" lin Clioit. Itzo DolDrrI1O Itzo KloInill Itzo Clay lin Poro/C. stzo 0151 Itzo POroJdtl lla 1 O6fOl1 Itzo I oorosllv lin Qtlovlr lilt H..vy"*, lilt .-n1- sin ,_. silt clrbonall lilt iltl lilt b10tlll lin rock ttl lin
U O. 8 0.8 I 0.2 4 0.2 10 0.8 12 0.8 1 0.1 8 0.1 4 0.1 5 0.2 0 0.1 I 0.1 0 0 0 I 0,4 0 0 2 0.5
81 0.5 4 0.3 3 0 4 10 2 8 0,2 1 4 1 2 0 0 0 0 0 0 0
50 0.5 8 0,5 I 2 2 8 2 S I 4 0 3 2 0,4 0 0 0 0 0 0
81 0.8 4 0.8 2 0 3 13 2 3 I 5 4 1 0 0 1 0 0 0 0
55 0.4 2 0.8 0 4 I 5 1 5 2 2 3 3 0 0 0 0 0 0 0
51 0.8 3 1 0 3 4 5 2 1 3 5 3 2 0 0 0.4 0 0 1 0
54 0,8 5 0,5 0 0 \0 8 I 8 3 1 I 2 0 3 0 3 0 0 0
50 0.7 5 0.5 0 0 11 8 3 10 3 3 0 3 0 0 0 2 0 0 1 0,4
53 0.1 2 0.8 2 0 15 S 1 8 4 4 0 2 0 1 0 0 0 0 3 0,4
48 0,8 8 1 1 0 '0 11 S 12 2 1 0 3 0 0 0 0 0 0 0
13 , 3 1 0 I '0 4 I 2 1 0 0 0 1 0 0 , 0 0
31 I I 1 I 11 8 2 11 3 0 0 1 0 0 0 0 0 0 0
33 0.8 15 2 8 11 5 2 1 2 1 1 3 0 0 0 0 0 0 0
10 I 0 1 1 S 1 2 8 3 4 3 4 0 2 0 0 0 0 0
84 U 4 0 0

"
5 2 4 0 1 4 0 2 0 0 0 0 0

54 1 0 0 1 0 8 3 15 3 1 1 , 0 0 0 2 0 0 0
84 1 1 1 0 8 0 0 0 1 S 5 0 2 0 0 2 0 0
50 , 1 2 5 5 2 5 , 4 4 4 0 1 0 0 3 0 0
50 1 1 1 5 4 , 13 3 • 2 5 0 0 0 1 0 0 0
10 3 0 1 2 5 1 5 1 4 0 3 0 3 0 0 2 0 0
5 0 0 5 2 7 0 11 3 • , 4 0 0 0 0 , 0 0
5 5 , 0 5 3

"
2 8 2 3 0 1 0 0 0 0 0

50 0 , 17 3 2 12 1 2 3 0 1 0 0 4 0
55 3 3 3 I 3 1 3 2 0 2 5 0 0 0 0 2 0 0

5 4 0 1 21 5 1 2 0 3 0 3 0 0 0 1 , 0 1
52 10 0 1 7 2 1 10 3 a 0 4 0 0 0 0 2 0 U 1
58 2 0 0 8 3 3 0 0 2 5 0 0 0 0 1 0 0
58 10 0 0 " 3 1 4 2 1 0 S 0 0 0 0 0 0 0
38 5 2 2 20 3 2 18 4 0 2 4 0 t 0 0 0 0 0
57 15 5 • 5 I 0 8 3 0 2 3 0 1 0 0 0 0 0
5S 0 25 3 8 t 0 2 2 1 0 2 0 1 0 0 0 0 0

54 " 7 3 , 0 8 1 4 0 1 0 7 0 0 0

'5 25 2 3 8 3 0 10 2 4 0 1 0 12 1 0 0 0 0 4

45 0 2 4 1 0 20 2 5 0 0 0 2 0 0 5 0 0

72 0 15 3 2 3 1 0 0 2 0 1 0 0 0 0 t 0 0

IUm
1817 0 12.' 18',0 8, 87.0 0, 74.0 0.2 28 .0 0.8 203.0 0.5 54.D 0.1 212.0 0,5 71.0 0.1 103.0 0.2 43.0 0,1 n.o 0,1 2,0 0.4 41.0 1.0 4.0 0,4 to.O 0.4 23,0 0.0 1.0 0.0 24,0 2.3

fI..-trr
1.2 O.t 0.4 1.2 1.0 0,1 0.4 0,3 0.4 0.7 0.0 0.0 0.0 0.7 0.'54.1 0.' 55 0.7 2.8 0.2 .1 0.2 8.1 0.8 5.a 0.8 1.5 0.1 8.1 0.4 2.0 0.1 2.8 0.2 0.1 2.1 O,t

IOt-'-"'"
3<11.0

no.......d
2.7 0.1 1.2 0.1 0.3 0.1 0.0 0.754.S 54 2.8 2.1 a.o 5.a 1.5 '.0 2.0 2.8 1.2



o

k02e3 2.5 mo
Secondo" Pf1 ....rv

Mono slm Po" .Im e,icit. <1m Dolol11's slm Kaolnft. slm Cloy 11m Porolell slu 01.. <1m Pote/elil 11m I Mrolltv slm J DOlo,lty lin OtlOY'" II'" Illaucontt. 11m orrunici 11m • size clrbonete 11m tTIIIc:ovl1. II.. 1111 slm blotlte-rockh II..
87 0.8 3 0.7 0 0 0.2 10 0.8 3 0.4 2 0.2 5 0.2 1 0.1 2 0.2 0 0.1 3 0.1 0 3 1.7 0 1 0.8 0 0 0 0 0.2
80 07 5 0.• I 0.2 0 0.3 7 0.4 2 , 8 2 1 I 2 0 2 0.4 0 0 0 0 0 0 0.2
23 0.5 52 3.2 2 0 0.4 8 4 2 2 I 1 0 , 0 0 0 0 0 2 0 0
48 0.3 8 0.5 1 0.2 1 0.2 '8 4 0 8 • 2 , 3 0 0 I 0.2 0 I 0.2 0 0 0
5. 0.3 7 0.3 , 2 8 8 0 8 2 5 2 I 0 2 1 0.2 I 0 0 0 0
51 0.5 3 3 I 0 22 5 0 8 • 1 2 2 0 , 0 0 0 0 0 0
52 0.5 3 0.3 4 0.3 3 0.3 12 8 , 5 2 3 I 1 1 0.2 1 I 2 0 2 0 0
88 0.5 2 0.8 1 0 10 3 0 8 I 5 0 0 0 3 0 1 0 2 0.2 0 0
88 0.3 3 1 11 8 2 2 0 2 I 2 0 1 0 0 0 0 I 0
58 0.' 10 0 0 8 7 0 7 2 2 I 2 0 2 0 0 0 0 0 0
32 45 0 0 8 3 0 8 0 1 0 2 0 I 0 0 0 0 0 0
58 e 0 0 12 8 1 5 2 • 1 2 0 t 0 0 0 0 0 1 0.'
57 3 0 2

"
8 0 7 2 3 1 3 0 0 0 0 0 2 0 0

48 5 2 3 '2 13 0 8 2 2 4 2 0 1 0 0 0 1 1 0
57 3 0 3 18 4 0 5 1 I 3 2 0 0 0 0 0 0 0 0
55 5 0 13 5 0 2 1 7 3 3 0 1 0 I 0 2 0 2 0.5
32 25 2 0 10 8 1 '1 2 , 3 2 0 , Q 0 0 0 0
58 3 3 7 10 3 0 8 2 2 I 2 0 0 0 0 0 0 0 1 0.4
53 5 3 0 25 2 0 8 2 2 1 1 0 0 0 0 0 0 0 0
58 0 3 0.3 5 0.4 12 4 0 8 , 2 2 3 0 3 1 0 0 0 0 0 0
55 1 2 11 3 0 15 2 2 0 I 0 8 0 0 0 0 0 0
70 2 2 8 8 , 2 0 3 3 2 0 0 0 0 0 I 0 0
53 20 2 3 5 5 0 • I 2 1 t 0 0 0 1 0 0 0 0
55 15 2 0 5 8 t 8 2 1 0 2 0 0 0 0 0 0 0 0
88 2 2 7 10 0 4 , 3 I , 0 0 0 0 0 0 0 0
8. 7 0 10 3 1 4 0 2 0 2 0 0 0 2 0 1 0 0
85 5 I 8 7 3 1 5 1 1 1 3 0 0 0 0 0 , 0 0
8 3 2 1 10 8 1 3 2 0 1 3 0 2 0 2 0 0 0 0
81 0 2 4 13 8 1 2 1 2 1 1 0 2 0 1 0 t 0 0
83 3 0 I 14 • 0 1 0 1 2 3 0 3 0 , 0 0 0 0
57 8 2 3 13 8 0 2 1 3 2 2 0 1 0 0 0 0 0 0
54 2 2 1 5 0 8 2 4 0 2 0 0 0 3 0 1 0
83 0 3 1 4 8 , 3 0 1 2 1 0 2 0 12 0 1 0 0
57 5 5 2 15 5 1 4 0 1 2 3 0 0 0 0 0 0 0

'2 0 2 I 21 • 2 8 2 3 0 0 0 1 0 1 0 0
5 0 0 11 3 0 2 0 • 1 3 0 1 0 0 0 0 0 188

""'" 0.1 81.0 0.2 '7.0 0.1 72.0 0.1 1.0 0.2 40.0 3.1 3.0 0.' 28.0 0.8 1.0 0.2 18.0 0 2.0 0.0 5.0 1.7020.0 U 277.0 83 53.0 1.0 840 1.' "3.0 1.0 00.0 0.' 20.0 0.2 114.0 0.2 50.0

'"V'~CII
2.3 1.3 0.1 2.0 0.1 0.0 0.2 1.1 1.0 0.1 0.2 0.8 0.8 0.0 0.2 0.5 0.2 0.1 0.0 0.1 0.358' 0.5 7.7 l.2 1.5 0.3 1.8 0.3 11.5 0.5 5.8 0.' 0.8 0.2 5.4 0.2 1.4 0.1 0.2

talilium
3580.0

nocrrelad
2.0 0.0 1.1 0,1 08 0.0 0.5 0.' 0.158.3 77 1.5 18 11.5 5.8 0.8 5.' 1.4 2.3 t.3



o
tv

k82~.1 2.5 rna
S.condlrv Pr1rnarv

Mono silo POl. silo Cllelte sill DolOmtl silo Klolnlte 51lo CII. sl2l Porole" silo DIn sl.. Poro/dls &lzI I ""'OlllY lID I DOrosltv silo Oil over 51.. or.-rite II.. I.... " 11>1 C-Il'tKln.t. II.. rock "" "'"45 O.D 20 1.2 0 0 e 0.4 V 0.' • 0.1 2 o.e 0 • 0.' e 0.2 3 0.1 0 0 0 0
50 o.e 3 0.5 2 0.4 e 0.2 7 10 4 3 0.2 0 D 3 3 0 0 0 0
57 O.D 2 o.e 1 0 13 V 3 3 1 0.1 3 • 4 0 0 0 0
2e O.B 50 5 I 5 7 5 3 0 0 2 0 3 0 0 0 0
e2 2.1 0 0 5 e D • 2 0 2 1 3 3 o.e 0 3 1 0
3e O.V 17 0.7 • V 3 V 5 e 1 3 I 4 0 0 1 1 0.3
35 0.7 10 1 3 3 27 5 1 • 1 2 3 3 2 0.5 0 0 1 0.2
e3 U 10 3 3 I 3 3 3 2 I 2 B 0 0 0 0
33 35 3 1 2 e 3 4 2 5 1 3 0 0 2 0.2 0
eo 5 0 1 7 5 2 0 0 • 2 2 0 0 1 I
50 20 4 2 D e 1 3 1 0 1 3 0 0 0 0
46 5 7 7 7 7 1 10 2 1 • 2 0 0 0 0
e3 V 2 2 4 5 3 3 0 5 0 3 0 0 0 1
eo 5 2 2 D 5 1 5 1 • 2 3 0 I 0.2 0 0
5. 5 2 3 4 7 2 15 0 1 2 4 1 0 0 0
52 5 5 3 13 11 2 5 1 1 0 2 0 0 0 0
51 25 I. 0 12 2 I 0 0 3 1 3 0 0 1 0

5. 0 2 13 3 7 2 II 2 2 \ 2 1 0 0 0
57 5 4 10 1 3 1 10 3 2 0 3 1 0 0 0

5' 7 1 3 7 7 1 13 2 2 , 2 0 0 0 0

57 0 I 3 Ie • 2 V 2 5 0 3 0 0 0 0
53 3 2 5 17 7 1 e 1 2 0 3 0 0 0 0
.8 0 I 1 Ie 10 1 e 1 • 1 2 0 0 0 0

43 35 2 1 • 7 3 1 0 1 0 3 0 0 0 0.
'55 15 2 V 5 • 2 3 0 I 2 2 0 0 0 0

4e 10 2 7 ,. 7 2 4 0 1 3 2 0 0 0 0

lum
1312.0 5.5 311.0 V.O 57.0 0.4 102.0 0.2 220.0 0.4 16V.0 0.' 58.0 0.1 131.0 1.0 23.0 0.1 e8.O 0.4 41.0 0.2 7e.0 0.1 e.o 1.1 1.0 0.2 e.o 1.2 4.0 0.5

Ivt,..ftA
0.2 2.D 0.2 0.3 o.e 0.2 0.350.5 1.1 12.0 1.5 2.2 0.4 U 0.2 e.5 0.4 e.5 0.4 2.2 0.\ 5.0 0.5 O.D 0.1 2.e 0.4 I.e 0.1 0.3 o.e 0.0,

total sum
258V.0

IlOfnlztd
I.e 2D 0.3 0.0 0.3 0.250.7 12.0 2.2 3.9 e.5 e.5 2.2 5.1 O.V 2.e



o
w

k112BB 2.5 ..•
Socondo.. P!1....

Mono size Po" II.. Colelto IIzo Dolo",,,o size Klolrit. .Ize Clav size POrolrJII IIzo Dlss lilt Poro/ea" IIze loorall'" size 01' .Ize Qtz over .Izo or....nica size I"",. slzo Clrbonlte IIze rruscovM, IIze rock .... IIzo
54 0.7 10 1 & 0.5 3 0.3 B 04 5 0.2 0 1 O.B 0 2 0.4 1 0.2 • 3 0.2 1 0.2 4 0.4 0 0
B2 O.B 5 0.3 1 3 3 7 1 0.1 B 0.2 1 0.1 4 0.2 1 4 0 0 2 0 0
54 0.4 B 0.4 2 8 2 13 0 7 0 3 0.2 2 3 0 0 0 1 0.3 1 0.4
73 I 0 2 4 1< 1 0 2 1 2 0 1 0 0 0 0 0
B2 1.2 5 0.5 1 3 5 B 1 5 1 3 0 4 2 0.7 0 0 0 0
72 1 0 3 B 4 3 1 5 1 0 1 3 0 0 0 0 1
53 O.B 0 4 B IS B 1 B 2 4 2 0 0 0 0 0 0
4& 0.& IS 2 8 IS 5 1 5 1 2 0 1 0 0 0 0 0
Bl 10 1 B 8 0 0 5 1 4 0 3 0 0 0 0 0
52 10 1 1 23 2 0 4 1 1 1 3 0 0 0 0 0
B4 5 0 4 10 2 1 4 2 0 2 4 0 0 1 0 0
as 7 1 2 7 B 1 3 1 2 0 3 0 0 0 0
&0 3 4 3 2 10 1 7 1 2 0 4 0 0 1 1 3
48 IS 0 7 7 7 0 3 0 3 I 5 0 0 0 0 0
5a 10 0 3 1 7 1 7 2 2 2 3 0 0 3 0 2
72 0 1 1 4 5 1 5 2 2 1 5 0 0 0 0
14 2 1 2 3 7 0 3 1 3 1 1 0 0 1 0 0
57 5 5 7 14 3 0 2 1 2 1 3 0 0 2 0 0
5. 5 3 10 4 4 0 8 2 1 1 3 0 0 0 0 0
71 5 2 3 4 2 1 2 1 1 2 5 0 0 1 0 0
u a 1 7 5 3 2 4 2 1 2 4 0 0 1 0 0
71 7 2 I 4 3 1 B 1 1 1 2 0 0 0 0
aa 0 I 7 B • 1 4 1 3 I 3 0 0 0 0 0
50 5 14 B 8 B 0 7 0 1 2 11 0 0 0 0
Be 5 2 0 0 8 1 10 2 1 0 2 2 0 0 0 0

...",
1535.0 B.• 1<1.0 2.2 &0.0 0.5 115.0 0.3 17B.0 0.4 In.O 0.2 lB.O 0.1 121.0 O.B 28.0 0.1 48.0 O.B 240 0.2 74.0 0.0 18.0 0.8 1.0 0 '0.0 1 n.4 2.0 0.3 7.0 OA

IVlrl M

81.4 O.B 5.B O.B 2.4 05 4.B 0.3 7.0 0.4 5.2 0.2 0.1 0.1 U 0.4 1.2 0.1 2.0 0.3 1.0 0.2 3.0 0.0 0.7 0.5 0.0 0.2 O.B 0.4 0.1 0.3 0.3 0.4
tOtil sum

2517 .0
/10'.......0

".0 5.1 2.4 U 7.0 5.1 O.B U 1.2 1.8 1.0 2.8 0.7 0.0 0.' 0.1 0.3



-
~

~200 .• 2.5 me
C.klte Dolomlt. SecondlN P~rnsN elicit, <1010Mono .Ize Po" size r'''clno l'b\ .Ize r c~ "'re Klolnlle lire Clev .ID Porolctl .Ire Oi.. sID Pora/elts sire r~o~ size lonfo,ltv lire Quover .Ire orl'UlnlCs Size Clrtonlt. lize 'lie sire biotite lire rock tr. s're cemlm size cement lite 101111 sire23 1.1 1 0.2 0 0 0 1 0.0 0 • 0.0 1 0.1 3 0.2 0 0.1 0 0 ~ 0.0 0 0 0 •• 0.2 15 0.0 0:Ie 1.2 0 3 0.2 ~ 0.2 0 0 0 10 2 1 0 2 0.1 0 0 0 0 0 22 7 030 0.8 2 0.0 0 7 12 0.' 3 0.2 2 0.1 ~ 2 2 0 1 0 0 0 0 0 11 3 030 0.0 10 0.0 0 0 0 1 0.• 0 • 1 1 0 3 0 0 0 0 0 41 3 022 0.0 15 0 0 2 0.2 3 1 5 1 1 1 2 0 0 0 0 0 30 11 0

1~ 0.0 10 3 11 3 1 0 15 2 I 0 1 0 0 0.8 0 0 0 23 0 057 1 0 2 2 0 \ 0 0 0 2 0 2 0 3 0 0 0 20 11 003 DB 8 0 0 7 2 0 0 0 1 1 3 0 0 0 0 0 13 • 0H 0.8 0 0 0 12 8 2 • 1 0 0 • 0 0 2 0 0 10 • 0H 0.5 10 0 1 • 4 1 3 2 • 0 3 0 0 0 0 0 20 1 0
3a 2 0 0 12 2 1 5 1 ~ 0 3 0 \ 0 1 0 1. 0 0
40 7 0 0 0 4 1 5 2 4 1 3 0 0 0 0 0 10 3 0
40 5 0 0 12 5 1 • 1 3 1 • 0 1 0 0 0 12 5 0
50 3 0 0 5 5 1 10 3 1 2 3 0 1 0 0 0 3 10 0.. 0 0 0 8 ~ 2 7 2 0 2 • 0 1 0 1 0 2 10 0
53 0 0 0 5 ~ 1 11 2 3 0 3 0 2 0 0 0 3 0 0
'5 5 0 0 0 10 2 ~ 3 2 2 3 0 2 0 2 0 5 • 0
50 2 2 1 10 7 1 5 2 2 1 2 0 • 0 0 0 0 3 0
.0 5 0 • 10 8 0 • 2 1 1 3 0 5 0 0 2 2 ~ 0
01 5 0 0 4 3 0 3 1 0 • 3 0 1 0.3 0 0 0 e 0 0.. 0 0 0 13 • 1 7 2 2 2 4 0 0 0.' 0 1 0 1 3 0
5\ 2 0 0 0 • 0 7 1 7 3 3 0 , 0 0 0 7 e 0
58 5 0 0 , 7 1 , 1 1 2 2 0 1 0 0 1 1 2 0
03 7 0 0 • e 0 1 1 1 1 3 0 2 0 0 0 2 0 0
5lI 3 0 0 1 ~ 1 5 1 • 2 3 0 0 0 0 , • 4 0
&4 2 0 0 • 8 1 1 2 2 2 2 2 2 0 0 0 0 • 0
51 5 0 0 4 1 2 to 3 2 1 • 1 3 0 0 0 1 0
50 0 0 0 5 2 0 14 3 2 3 3 0 3 0 0 0 3 4 0
40 10 0 0 5 4 0 ~ 2 0 • 5 0 5 0 0 0 4 1 2
40 11 0 0 0 0 0 '0 3 3 0 2 0 0 0 1 0 3 1 0

15 0 0 1 3 0 ~ 2 3 2 5 0 2 0 0 1 0 051
50 0 0 0 18 5 1 8 2 , 3 3 0 0 0 0 1 2 • 0

0 0 10 0 1 1 2 1 2 4 0 5 0 0 0 3 • 052 3
0 0 8 ~ • .0 1 1 4 3 0 1 0 0 0 0 2 052 10

0 0 0 4 5 0H 5 0 1 10 5 1 10 3 2 3 3 1 0
sum

V:o 0.2 50.0 0.1 101.0 D.' 3.0 0.0 00.0 H 2.0 0.0 0.0 0.0 0.0 0.0 3.0.0 0, 110.0 0.0 2.0 0.01·....0 8.0 18U t.e 10.0 0.2 0.2 23e.o 0,8 187.0 1.2 25.0 0.1 258.0 0.8 80.0 0.1 7~.0

IVlriM
2,3 0.2 1.4 0.1 2.8 0.1 0.1 0.0 l.8 0.0 0.• 0.0 0.2 0.0 0 0.0 8.8 0.2 5.3 0,8 0.1 0,0•.8 0.8 5.4 0.5 0.3 0,2 1.2 0.2 U 0.3 U 0.' 0.7 0.1 1.4 0.8 1.7 0.1

tollllUm
3500.0

norl'Allltd
2,3 f.4 2,8 0.1 1.8 0,1 0.2 0.2 DoD 5,3 0.141.5 5.' 0,3 1.2 U U 0.7 7.4 1.7



o
VI

tt!257.7 2.5 ma
SICondIJrv Pri".. .... CII 0010

Mono size Po'" sin elk/Ie sl.. DolOm'" lllO KloInIll Iizll CII. size Poro/cll sin Diu size Pora/cbs sIlO !gorosltY olm IDOrOlltv otzo Qtz over oln o~,.c. size otzo clrbonttl sIlO sldilr1te IIzI rock ". sIlO ohall .... CIlT'lInt Itzo clmenl s'ze mull Itzo
42 1 20 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 33 0.' 5 0.8 0
42 12 10 0.5 1 0.2 2 0.2 2 02 1 0.2 0 4 02 1 0.1 1 0.5 0 2 0.1 0 0 0 0 0 0 2; 5 0
34 1 30 I 0 0 0 1 0 5 2 0 0.2 1 0.2 1 0 0 0 0 1 0 U 7 0
51 1.2 0 0 0 0 0 0 15 1 1 0.2 0 3 0 0 0 0 0 0 9 20 0
SO 08 10 0.5 0 0 1 4 1 0.1 0 0 2 0.2 0 2 0 O. 0 0 0 0 15 15 0
37 , 20 1.2 1 3 0 1 0 ; 2 1 0 I 0 0 0 0 0 0 8 19 0
39 05 35 I 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 2 22 0
52 0 0 0 0 0 0 4 2 I 0 2 0 0 5 0 2 0.5 0 5 24 0
45 10 2 ; 2 1 0 12 3 1 0 3 0 0 0 0 0 0 4 5 0
51 0 0 0 0 0 0 3 2 I 0 2 0 0 0 0 8 0 15 10 0
42 20 1.2 0 0 0 1 0 7 1 1 0 3 0 0 0 0 0 0 15 7 0
53 5 0 0 I 2 1 IS 3 0 0 0 1 0 0 0 0 0 3 18 0
49 10 0 0 0 0 0 4 1 1 0 3 1 0 3 0 0 0 8 20 0
24 0 1 1 I 3 0 10 3 2 0 3 0 0 30 0 0 0 9 13 0
32 0 2 0 0 0 0 0 0 0 0 0 0 2 SO 0 2 0 4 8 0
35 25 1 3 0 1 0 10 2 0 0 0 0 0 4 0 0 0 ; 10 0
53 0 0 2 0 1 0 8 2 2 0 3 0 0 0 1 0 0 9 II 0
31 45 0 0 3 1 0 7 2 1 0 1 0 0 0 0 0 0 0 9 0
~ IS 0 0 1 2 1 5 1 0 0 1 0 0 0 0 0 20 3 5 9 0
47 IS 0 0 0 0 0 2 0 1 0 0 0 0 0 0 0 7 3 15 12 0

S 3 5 5 1 4 0 3 1 0 0 0 1 0 2 0 0 20 3 0 0 0
29 50 0 0 0 1 0 0 0 I 0 1 0 0 2 0 0 0 5 5 0
58 8 0 0 0 1 0 1 0 1 0 1 0 0 1 0 0 0 4 18 3
47 30 0 0 1 8 1 2 1 1 0 0 0 0 0 0 0 0 5 4 0
55 5 0 0 7 9 1 4 1 1 0 3 0 1 0 0 0 0 1 2 0
51 0 0 0 10 10 1 1 0 1 0 0 0 0 1 0 1 0 5 9 0

""'"1151.0 7.0 3lI4.0 7.a 13.0 0.2 25.0 02 30.0 0.2 52.0 0.2 8.0 0.1 133.0 0.2 no 0.1 21.0 1.2 1.0 0.2 35.0 0.1 3.0 0.0 3.0 0.0 91.0 0.0 1.0 0.0 12.0 0.0 47.0 9.0 242.0 0.4 289.0 0.8 3.0 0.0
IVlrtOll

0.5 0.1 0.04U 1.0 14.0 1.1 0.5 0.2 1.0 0.2 1.2 0.2 2.0 0.2 0.2 0.1 5.1 0.2 1.2 0.1 0.8 0.3 0.0 0.2 1.3 0.1 0.1 0.0 0.1 0.0 U 0.0 0.0 0.0 0.5 0.8 1.e 3.0 9.3 0.4 11.1

totalaurn
2548 0_ ...d

1.8 9.5 11.3 0.1..... 7 14.3 0.5 1.0 t.2 2.0 0.2 5.2 13 o.a 0.0 1.4 0.1 0.1 U 0.0 0.5



o
0\

mel'.11 2.5 ..
SIICOndlrv

Mono size Po" Iia Colell. size Colomlt. size Kaolnile ,Ill Clav .Ize Poro/cla .1lI 01.. .Ize Poro/dlll .Ize IDOrosttv size Qtzonr 'ID lo......nlCI size Inion 'Ill elJ'bonaw lilI IldlrIt. 'Ill roct. tt. .111
10 0.• '0 0.• , 0.2 I 0.• 0 Q 0.• , 0.1 • 0 , 2 0.2 3 0.' 1 2 0 , 0.2 0 0.2
57 0.• I 0.• 1 • 0.• 0 13 0.2 2 3 1 5 • 1 1 0 0 1 0.•
12 0.• 7 0.• 3 3 0 l' 3 3 I 5 2 1 0 0 0
72 0.• 5 0.• 1 1 0 I 12 3 1 • • 0 0 0
71 Q 1 0 0 2 0 2 , 2 2 0 0 2
17 15 0 2 3 0.• • , • 0 1 5 0 0
75 7 0 2 1 I 0 3 , 2 3 0 0 0
78 5 0 0 0 8 1 2 , 1 1 0 0 0
10 '0 0 1 0 3 0 • 2 , 3 0 0 0
75 5 1 • 0 I 1 • 0 3 1 0 0 0
73 I 2 2 0 I 1 3 , 2 2 0 0 0
74 8 0 1 0 5 C 3 1 2 3 0 0 0
H I 1 1 0 3 0 • 1 3 • 0 0 0
70 11 0 0 0 • 0 3 1 2 • 0 0 2
13 15 3 1 0 7 1 • 2 , 1 0 0 0
17 11 , 0 0 t7 , 3 0 1 2 0 0 0
77 10 1 • 1 3 0 1 0 2 1 0 0 0
13 I 0 1 0 15 I • , 1 5 0 0 0
17 8 3 2 2 I 0 • 0 3 0 0 0
7) 10 0 2 0 5 0 3 , 3 3 0 0 0
15 '5 1 3 2 I 1 3 , 1 2 0 0 0
17 8 1 • 1 11 0 5 1 0 3 0 0 0
ee 11 2 3 0 7 1 0 0 I 1 2 0 0
57 12 3 7 0 8 0 2 1 1 5 1 0 0
IS 13 1 1 I I 1 • 1 I 3 0 0
12 15 1 2 0 10 1 3 1 1 3 0 0
II 15 0 I 0 I 1 • 1 1 2 0 0 0
72 8 1 1 • 1 0 1 5 0 0 0
71 10 0 2 0 5 , 2 0 1 2 0 0 0
17 1 3 0 5 1 2 0 I 3 0 0 0

'um
0.1 3.0 0.0 1.0 O. 7 0.1015.0 1.1 307.0 1.1 31.0 0.2 ee.o 0.' 12.0 0.• 215.0 o.e 33.0 0.1 81.0 0.0 23.0 0.0 55.0 0.2 80.0 3.0 0.0 3.0 0.0

.veflal
IU 0.• 10.2 0.• 1.0 0.2 2.2 0.• 0.• 0.• 7.2 0.3 1.1 01 3.0 0.0 0.' 0.0 1.8 02 2.7 0.1 1.0 0.0 1.5 0.0 0.1 0.0 0.0 0.2 0.2 0.3

total sum
2885.0

normllzed
27 0.1 0.' 0.0 0.2ISG 10.3 1.0 2.2 o. 7.2 11 3.0 0.1 1.1 0.1



mellaaa 2.5 mil'

SlcondlN Primo'"
Mono "n Po'" sin Klolnltl .In ClaY slzo Porolctl .... .In OI'S slzo Poro/c,ts size IDOfOSttv .,.. IDOrolltv size Otlo"er lin oro.nlcs .Ize '';';;; .1.. shale IIzw ell elment .,.. dOlO Cflment Iia

S. o.a 10 o.a I 0.2 5 0.1 I 0 • 0.2 I 0.1 2 0.2 2 0.1 4 0.1 0 0 0 a 0.1 a 0.1
57 0.' 12 0.' 0 • I I 0 3 3 3 0 0 0 U • 0.2
ao 0.4 15 0.' 0 3 0 2 0 2 3 a 0 0 0 S 4
au s 2 0.4 • I 0 0 3 2 7 0 0 0 4 4
74 3 0 3 I 0 0 2 3 • 0 0 0 a 2
54 15 0 U I 2 1 3 0 3 0 0 0 a 3
a2 15 0 • I 1 0 3 1 3 0 0 0 7 •as I 0 3 I 2 0 3 1 4 0 0 0 5 5
al 12 0 • 1 4 0 I 0 a 0 0 0 5 a
a5 a 0 0 0 3 I I 2 5 0 0 0 10 4
53 I 0 3 1 3 I 3 2 I 0 I 0.1 0 10 a
a4 10 0 4 2 0 0 2 0 3 0 0 0 7 5
a4 12 0 3 1 2 1 2 0 5 0 0 3 0.4 4 2
as 10 0 5 1 I 0 2 2 4 0 0 5 3
72 3 0 7 0 2 0 2 1 5 1 0.2 0 0 • 2
aa 0 2 18 I 1 0 3 0 a 0 0 0 3 0
al 10 0 13 1 2 0 2 0 7 0 0 0 4 1
7$ 5 0 1 1 2 0 2 2 5 0 0 0 3 3
eo I 0 2 1 3 , I 1 3 0 0 0 a 4
ao 12 0 7 0 3 1 2 2 4 0 0 2 3
a2 5 0 7 I 2 0 2 0 3 0 0 5 a
a7 I 0 • 1 I 0 1 0 3 0 0 0 I 3
7 5 0 2 1 I 0 0 0 2 0 0 0 a 4
.0 18 0 14 1 3 1 I 1 5 0 0 0 I
as I 0 5 I 1 0 2 0 2 0 0 0 7 4
73 5 0 2 0 3 0 1 0 2 0 0 0 4
al 12 0 4 0 , 0 I 0 4 0 0 0 2 5
7a I 0 0 0 0 0 1 1 2 0 0 1 2 2

lum
17M.0 U 255.0 U 5.0 o.e UO.O 0.1 22.0 0.0 50.0 0.2 eo 0.1 53.0 0.2 2M O.t 111.0 0.1 1.0 0.2 1.0 0.1 11.0 0.4 ,al.o 0.1 104.0 0.3

8 ... lrln6

e4.1 0.5 1.1 05 02 0.3 50 0.1 0.8 0.0 , a 0.2 0.3 0.1 1.8 0.2 1.0 0.1 4.0 0.1 0.0 0.2 0.0 0.1 0.4 0.4 5.a 0.1 3.7 02
totallum

2747 0
nomwltwd

as. U.3 02 5.1 o.a t.a 03 I U 1.1 4.0 0.0 0.0 0.4 5.U 3.a



o
00

lTC 132Ul 2.5/1l1
$econdl",

Mono .Ize Po'" lilt Coleno .1lI Dolornto IIze Klolnlll .1>0 CII size IMfas8\" Ilzo Otrover .1>0 Heavv min IIze orolnles .llI IftJIcov1t1 IIze torom .Izo tnnold lilt broth IIzo chort lllO ,ha. size ~rcon IIze
8& 0.2 • 0.2 0 1 0.1 0 4 0 8 0 4 0 5 0.7 0 1 1 0.2 3 0.4 I 0.2
79 1 0.2 0 0 1 0.3 4 0 7 0 5 0 3 0.8 5 0.3 1 0 0
7U 2 0.2 2 0.1 2 0.2 0 3 0 8 0 0 0 4 0.8 1 0 0
eo 3 1 0 0 3 0 8 1 0.2 0 3 0.5 2 0.5 3 1 0
eo 0 1 0 0 4 0 7 0 0 4 3 0 0
el 0 0 2 0 2 0 7 0 0 2 I 2 2
80 1 1 1 0 3 0 e 0 0 0 3 2 1
79 1 2 0 0 5 3 0 e 0 0 I 1 2 0
74 0 2 0 0 3 0 8 0 0 4 4 2 2
72 0 3 I 0 3 0 8 0 0 2 2 3 t
7e I 1 1 0 • 2 7 0 0 2 4 2 0
73 2 0 1 0 2 0 14 0 I 2 3 1 1
82 0 0 0 0 3 0 12 0 0 2 0 1 0

.um
1008.0 0.2 15.0 o.e 13.0 0.1 8.0 0.3 1.0 0.3 43.0 0.0 5.0 0.0 108.0 0.0 1.0 0.2 U.O 0.0 1.0 0.0 30.0 I.e 32.0 1.4 8.0 0.0 17.0 0.2 10.0 0.4 1.0 0.2

.V'f1I~
71.4 0.2 1.2 02 1.0 0.1 0.7 0.2 0.1 0.3 3.3 0.0 0.4 0.0 e.3 0.0 0.1 0.2 4.5 0.0 0.1 0.0 2.3 0.8 2.5 M 1.5 0.0 1.3 0.2 0.8 0.4 1.0 0.2

to111IUm
1307.0

norrT'tllzed
77.0 1.1 1.0 0.7 0.1 3.3 0.4 e.3 0.1 0.7 0.; 2.3 2.4 0.5 1.3 o.e 0.1



mc13302 2.S ...
S.condlrv

Mono .... elicit. 01.. OolOlTItt sla CII· silt osl lla Qtzover lla orOlnfcl size sl<lorltt lla for. m lla crinoid lilt tnt" sla
sa 0.2 2 0.1 1 0.2 1 0 & 0.1 0 0 0 0 0
&3 2 0 3 0 & 1 0.1 0 0 3 0.2 0
&& 2 1 1 0 7 0 0 2 1 0
&3 1 1 2 0 & 0 0 1 0 0
&S 3 0 I 0 8 1 0 1 t 0
&1 2 3 0 1 t 3 0 0 0 0
81 1 1 t 1 8 3 0 2 2 0
75 3 1 7 0 8 3 0 2 0 0
&1 2 2 t 0 0 2 t 0 3 2
82 2 3 t 0 8 0 0 t 0 0
77 2 3 8 1 7 t 0 0 1 0
82 2 1 5 0 7 I 0 0 1 0
8t • 0 2 0 8 1 0 1 0 0
8e 2 0 3 0 8 0 0 0 1 0
78 3 2 7 0 8 1 0 2 1 0
81 3 I 3 8 1 2 0 0

sum
1311.0 0.2 SO.O 0.1 20.0 0.2 58.0 0.0 3.0 0.0 121.0 0.1 18.0 0.1 10 0.0 14.0 0.0 14.0 0.2 2.0 0.0

.v.r.~

81.1 0.2 2.3 0.1 1.3 0.2 3.5 0.0 O. I 0.0 7.0 0.1 1.1 0.1 01 0.0 0.8 0.0 0.' 0.2 0.1 0.0
lotlilum

ISlMl.O
normtllzod

82.1 2.3 1.3 3.S 0.0 0.2 0.0 7.8 0.0 1.1 0.0 0.1 0.0 0.8 0.0 0.8 0.1 0.0



o

012807 2.5 n.

M.... lia CI,nlr1l sla Ootomle IIze ell reD61cement lia c.tdte II.. OIu 1110 orOlNIcs-I.... IIze bI.UI. 1110 sldet1te lia rockh IIze ~",m IIze cllOn sla Ihllo IIze
J7 0.4 32 0 2 0.3 22 2 0.2 0 1 0.2 0 0.1 0 0 0 3 0.0 1 0.1
30 0.3 42 0 4 0.2 12 0 1 0 0.2 0 0 0 0 2 0.2 3 0.2
24 4e 0 0 14 1 1 0 1 0 0 0 2 0.0 2
34 41 0 1 11 4 0 2 0 0 0 0 1 0
27 30 0 5 23 2 1 0 0 0 0 0 0 0
35 43 0 2 12 1 1 0 0 0 I 0 5 0
20 43 0 3 10 3 2 I 0 0 8 1 I 2
22 54 0 2 13 0 1 0 0 0 2 0 I 1
23 54 0 5 8 0 1 1 0 1 2 0 2 2
20 55 1 3 a 3 0 2 0 0 1 0 3 0
2e 48 0 0 10 1 2 0 0 0 3 3 0 0
22 52 0 3 15 3 0 2 0 0 1 0 I 1
a 50 0 3 13 3 0 0 0 0 2 0 0 0
20 52 0 0 e 0 1 0 0 0 2 0 2 0
21 80 0 I 8 3 1 2 0 0 4 0 1 3
Ie B4 0 2 1 0 1 I 0 0 0 0 1 1

lum
428.0 0.1 He.D 0.0 \.0 0.0 40.0 0.5 ao.o 0.0 42.0 0.2 13.0 0.0 12.0 0.4 \.0 0.1 1.0 0.0 24.0 0.0 0.0 0.0 35.0 l.4 18.0 0.3

IvCllflOi
20.0 0.3 41.1 0.0 0.1 0.0 2.8 0.3 12.4 0.0 2.0 0.2 0.' 0.0 0.' 0.2 0.1 0.1 0.1 0.0 \.5 0.0 0.3 0.0 2.2 0.5 1.0 0
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K6256

This sample has a broad relaxation time distribution that ranges from 5 msec to

over 1000 msec (figure 1). The dominant relaxation components are centered between

10-100 msec. The geometric mean, or average, of the T2 distribution is 53 msec. This

value shifts towards 193 msec when the weighted T2 method is applied. The fast

components «10 msec) comprise only 14% of the total relaxation distribution.
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Figure 1. K 6256.6 relaxation distribution curve.

The petrographic data was determined from thin section analysis. This sample

contains 59% quartz that has an average grain size of700 microns. Chlorite composes

10% of the sample. The chlorite is found between quartz grains and in clusters within

secondary porosity. Kaolinite makes up 7.6% of the thin section and is found in clusters

filling the larger pore spaces. The only type of cement found in this thin section is

quartz overgrowths. The quartz overgrowths comprise 2.5% of the thin section. The
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sample contains less than 1% of calcite, dolomite, heavy minerals, organic matter,

carbonate rock fragments, biotite and siderite.

The total optical porosity (TOP) is 11.5%, which is less than half of the original

core porosity of 23.3%. In this study, the difference between core and visible porosity is

referred to as optical microporosity. The optical microporosity for this sample is 11.8%.

The dominant type of porosity as observed in thin section is a secondary porosity; it

comprises 40% of the TOP. The average pore diameter for the secondary porosity is 200

microns. The secondary porosity is described as forming from dissolution of minerals.

The secondary porosity contains large amounts of clay (both chlorite and kaolinite) and

minerals in the process of being dissolved. The porosity associated with clay comprises

20% of the TOP. The largest pore size is 40 microns. The porosity associated with clay

is described as the pores within the clay lattice. The large clusters of chlorite contain

voids where soft mineral or fossils have dissolved. These voids can be up to 200

microns in diameter. The porosity associated with dissolution of quartz and feldspar

comprises 19% of the total optical porosity. The average pore size associated with grain

dissolution porosity is 120 microns. The porosity associated with dissolution is

described as the voids that are produced when the mineral is being dissolved. These

voids are the pore spaces within the circumference of the mineral being dissolved; the

pore space surrounding the mineral is classified as secondary porosity. The primary

porosity comprises 21 % of the TOP. The pores associated with primary porosity are

intergranu1ar pore spaces, pathways between grains connecting other pore spaces. The

primary pores are usually smaller and contain less clay than the secondary pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 20% of the TOP. This
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correlates to the fast portion (5-1 Omsec) of relaxation distribution curve, which is 14%

of the total distribution. The percentage of TOP associated with dissolution of quartz

and feldspar is 19%. This is in good agreement with the contribution from the 10 to 20

msec portion of the relaxation time distribution that is 21 %. The percentage of primary

porosity is 21 % of the TOP. The portion of the relaxation curve associated with primary

porosity ranges between 20 to 100 msec. For this sample the primary porosity is slightly

less than the NMR distribution related to primary porosity. The percentage of the

relaxation distribution curve that corresponds to primary porosity is 28%. The

secondary porosity comprises 40% of the TOP. The distribution of the relaxation curve

that corresponds to secondary porosity is between 100 to 1000 msec. For this sample

35% of the relaxation curve corresponds to secondary porosity.

K6252

This sample has a broad relaxation time distribution that ranges from 1 msec to

over 1000 msec (figure 2). The dominant relaxation components are centered between

10-100 mscc. The geometric mean, or average T2 distribution is 53.6 msec. This is

increased to 240 msec when the weighted T2 method is applied. The fast components

« 10 msec) comprise only 18.5% of the total relaxation distribution.

The petrographic data was determined from thin sections. The sample contains

60% quartz that has an average grain size of 1530 microns. Chlorite composes 9.6% of

the thin section. The chlorite is found filling the primary pore spaces between grains and

in large clusters in the secondary porosity. The kaolinite comprises 2.3% of the thin

section. The kaolinite is found in large clusters filling the secondary pore spaces. This

sample contains just over 1% of dolomite. The sample contains less than 1% of calcite,

muscovite and biotite.
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Figure 2. K 6252 Relaxation distribution curve.

The TOP is 8.8%, which is 38% of the core porosity of22%. The

difference between the core porosity and the optical porosity is referred to as optical

microporosity. In this sample the optical microporosity is 13.9%. The dominant type of

porosity observed in this sample is secondary porosity; it comprises 43% of the TOP.

The average pore diameter is 530 microns. The secondary porosity contains large

amounts of clay and dissolved minerals. The porosity associated with clay comprises

20% of the TOP. The largest diameter of the porosity associated with clay is 40

microns, these large pores are the result of soft minerals dissolving with in the clusters of

chlorite. The porosity associated with dissolution of quartz and feldspar comprises 17%

of the TOP. The average diameter of these pores is 120 microns. The primary porosity

comprises 19% of the TOP. The pore diameter of the primary pores is 200 microns.

117



The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 20% of the TOP. This

correlates to the fast portion (1-10 msec) of the relaxation curve, which is 18.5% of the

total distribution. The percentage of TOP associated with dissolution of quartz and

feldspar is 17%. This agrees with the 10 to 20 msec portion of the relaxation time

distribution that is 18%. The primary porosity comprises 19% of the TOP. The portion

of the relaxation curve associated with the primary porosity ranges from 20 to 100 msec

which is 24% of the total relaxation distribution. The percentage of the relaxation

distribution curve related to primary porosity is 37% of the total curve. The secondary

porosity makes up 39% of the TOP. The distribution of the relaxation curve that

corresponds to secondary porosity is between 100 to 1000 msec. This time range

comprises 38% of the relaxation curve.

K6259.8

This sample has a broad relaxation time distribution that ranges from 0.1 to 500

msec (figure 3). The dominant relaxation components are centered between 10-100

msec. The geometric mean, or average ofthe T2 distribution is 55.3 msec. This value

shifts toward 264 msec when the weighted T2 method is applied. The fast components

«10 msec) comprise 13% of the total relaxation distribution.

The petrographic data was detennined from thin sections. This sample contains

57% quartz that has an average grain size of 410 microns. The sample contains just over

1% calcite and 2% dolomite. Chlorite comprises 3% of the thin section. The chlorite is

found between quartz, calcite and dolomite grains and as clusters within the secondary

porosity. Kaolinite comprises 7% of the thin section. The kaolinite is found as clusters

in the secondary porosity. This sample contains 3.6% quartz overgrowths as the main
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type of cement. This sample contains less than 1% glaucontie, heavy minerals, organics,

carbonates, muscovite, siderite and rock fragments.
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Figure 3. K 6259.8 relaxation distribution curve.

The TOP is 17.3%, which is close to the core porosity of22.4%. The optical

microporosity for this sample is 4.9%. The dominant type of porosity in this sample is

secondary porosity; it comprises 49% of the TOP. The secondary pores have an average

diameter of 500 microns. The secondary porosity contains abundant clay (both chlorite

and kaolinite) and grains that are in the process of dissolving. The porosity associated

with visible clay comprises 5% of the TOP. The small percentage of porosity associated

with visible clay is apparent in the minor amount of optical microporosity. The pores

associated with visible clay can be up to 40 microns in size due to the soft minerals or

fossils being dissolved found in the cluster of clay. The percentage of porosity

associated with dissolution of quartz and feldspar is 13%. The average diameter of the
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pores associated with dissolution is 40 microns. Primary porosity comprises 33% of the

TOP. The average pore diameter ofprimary pores is 120 microns. The primary pores

are usually smaller than the secondary pores, they are found between grains and usually

contain less clay than the secondary pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 5% of the TOP. This

correlates to the fast portion (0.1-10 msec) of the relaxation distribution curve, with is

12%. The percentage of the TOP associated with dissolution of quartz and feldspar is

13%. The 10-20 msec range of the relaxation curve correlates to the porosity associated

with dissolution. This percentage ofthe relaxation curve is 13%. The primary porosity

comprises 33% of the TOP. This is in good correlation to the time range from 20-100

msec of the relaxation curve correlates to primary pore sizes. This time range makes up

38% of the relaxation distribution. The secondary porosity comprises 49% of the TOP.

This correlates to the time range of 100-500 msec of the relaxation curve. This time

range comprises 35% of the relaxation curve.

K 6264.1

This sample has a broad relaxation time distribution that ranges from 1-1000

msec (figure 4). The dominant relaxation components are centered between 10-100

msec. The geometric mean or average T2 is 61.9 msec. This value shifts toward 222

msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 7.8% of the total relaxation distribution.

The petrographic datat was determined from thin section work. The sample

contains 62% quartz that has an average grain size of 1050 microns. This sample

contains 2 % calcite and 4% dolomite. Chlorite comprises 6.5% of the thin section. The
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chlorite is found between grains and as clusters within the secondary porosity. Kaolinite

comprises 8.5% of the thin section. The kaolinite is mostly found filling the secondary

pore spaces. The only type of cement found in the sample is quartz overgrowths. The

quartz overgrowths comprise 3% of the thin section. The sample contains less than 1%

of organic matter, plagioclase, carbonate rock fragments, and other rock fragments.
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Figure 4. K 6264.1 relaxation distribution curve.

The TOP is 7.3%, this is less than half of the core porosity of20.2%. The optical

microporosity for this sample is 12.8%. The dominant types of porosity in this sample

are secondary porosity and porosity associated with visible clay. Both types ofporosity

comprise 33% of the TOP. The average diameter of the secondary pores is 400 microns.

The secondary pores contain abundant clay, organic matter and rock fragments. The

pores associated with visible clay have a diameter less than 40 microns. The porosity
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associated with the dissolution of quartz and feldspar comprises 12% of the TOP. The

average diameter of these pores is 40 microns. Primary porosity comprises 22% of the

TOP. The average diameter of the primary pores is 120 microns. The primary pores are

the lines of connection of larger secondary pores between grains. The primary pores

usually contain minor amounts of chlorite; the chlorite is usually surrounding the quartz

grams.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay is 33% ofthe TOP. The pores

associated with visible clay correlates to the time range of 1-10 msec. This time range

comprises only 8% of the total relaxation time distribution. The porosity associated with

dissolution of quartz and feldspar comprises 12% of the TOP. This correlates well to the

time range of 10-20 msec. This time distribution comprises 16% of the relaxation curve.

The primary porosity comprises 22% of the TOP. The primary pores correlate to a time

range of 20-1 00 msec. The percentage of the relaxation distribution curve than

corresponds to this time range is 40%. The secondary porosity comprises 33% ofthe

TOP. The secondary pores correlate to a time range of 100-1000 msec. The percentage

of the relaxation curve that corresponds to this time range is 36%.

K 6257.1

This sample has a broad relaxation time distribution that ranges from 1-1000

msec (figure 5). The dominant relaxation components are centered between 10- 100

msec. The geometric mean or average T2 distribution is 48 msec. This value increases

to 243 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 14% of the total relaxation distribution.
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Figure 5. K 6257.1 relaxation distribution curve.

The petrographic data was detennined from thin sections. This sample contains

67% quartz, which has an average grain size of930 microns. The chlorite comprises

4.4% of the thin section. The chlorite is found between quartz grains and filling the

secondary porosity. Kaolinite makes up 8% of the sample. The kaolinite is found as

clusters filling the secondary porosity. The only cement found in the sample is quartz

overgrowths. The make up just over 1% of the sample. The sample contains less than

1% of calcite, dolomite, glauconite, heavy minerals, organic matter, plagioclase,

carbonate rock fragments, biotite and siderite.

The TOP for this sample is 7.2, which is less than half ofthe core porosity of

18.6%. The optical microporosity for this sample is 11.4%. The dominant type of

porosity as observed in thin section is secondary porosity; it comprises 37% of the TOP.

The average pore diameter of the secondary porosity is 550 microns. The secondary
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porosity contains the glauconite, heavy minerals and organic matter. Large amounts of

clay (both chlorite and kaolinite) are found in the secondary porosity. The porosity

associated with visible clay comprises 15% of the TOP. The largest diameter of the

pores associated with visible clay is 40 microns. The porosity associated with

dissolution of quartz and feldspar is 35% of the TOP. The average diameter of the pores

associated with dissolution is 120 microns. Primary porosity comprises 13% of the

TOP. The primary pores are usually smaller than the secondary pores and contain less

clay. The average diameter of the primary pores is 120 microns.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 15% of the TOP. This

correlates to the fast portion (1-10 msec) of the relaxation curve, which is 14%. The

percentage of the TOP associated with dissolution of quartz and feldspar is 35%. The

time range of 10-20 msec correlates to porosity associated with dissolution, this

comprises 18% of the total relaxation distribution. The primary porosity comprises 13%

of the TOP. The portion of the relaxation distribution that correlates to the primary

porosity is between 20-100 msec. This time range is 35% of the total relaxation

distribution. The secondary porosity comprises 37% of the TOP. This is good

agreement with the slowest portion (100-1000 msec) of the relaxation curve; which is

32%.

K 6263

This sample has a broad relaxation time distribution that ranges from 0.5 to 800

msec (figure 6). The dominant relaxation components are centered between 10-100

msec. The geometric mean or the average T2 distribution is 32 msec. This value
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increases to 182 msec when the weighted T2 method is applied. The fast components

«10 msec) comprise 17% of the relaxation curve.
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Figure 6. K 6263 relaxation distribution curve

The petrographic data was determined from thin section. This sample contains

63% quartz that has an average diameter of 400 microns. The sample contains just

fewer than 2% of calcite and dolomite. Chlorite makes up 5.5% of the thin section. The

chlorite is found between quartz, calcite and dolomite grains. Clusters of chlorite are

found filling the secondary porosity. Kaolinite makes up 11.5% of the sample. The

kaolinite is found filling the secondary pore spaces. The only type of cement found in

the sample is quartz overgrowths. They comprise 2% of the thin section. Organic

matter comprises just over I% of the sample and is found in the secondary porosity. The

sample contains less than 1% glauconite, plagioclase, carbonate rock fragments,

muscovite, biotite, and other rock fragments.
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The TOP is 5.4%, this is less than half of the core porosity of 18.1 %. The optical

microporosity for this sample is 12.5%. The dominant type of porosity as observed in

thin section is secondary porosity; it comprises 41 % of the TOP. The average diameter

of the secondary pores is 200 microns. The secondary pores contain abundant clay and

rock fragments. The porosity associated with visible clay comprises 10% of the TOP.

The largest diameter of these pores is 40 microns. The porosity associated with

dissolution of quartz and feldspar makes up 26% of the TOP. The average diameter of

the pores associated with dissolution is 120 microns. Primary porosity comprises 24%

of the TOP. The average primary pore size is 120 microns. The majority of the primary

pores is conduits between grains for larger pores and therefore is smaller than secondary

pores. The primary pores contain minor amounts of clay, mainly chlorite found coating

the grains.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay is 10% of the TOP. This correlates

to the fast portion (0.1-10 msec) of the relaxation distribution curve, which is 17%. The

porosity associated with dissolution of quartz and feldspar comprises 26% of the TOP.

This correlates to the time range of 10-20 msec of the relaxation distribution curve,

which is 23% of the curve. Primary porosity comprises 24% of the TOP. The portion of

the relaxation curve associated with primary porosity ranges from 20-100 msec, which is

38% of the curve. The secondary porosity comprises 41 % of the TOP. This is in good

correlation with the slowest portion of the relaxation distribution curve (100-1000 msec),

which is 21 % of the curve.
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K 6250.8

This sample has a broad relaxation time distribution that ranges from 1 to 1000

msec (figure 7). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean or average T2 distribution is 41 msec. This shifts towards

225 msec after the weighted T2 method is applied. The fast components «10 msec)

comprise 23% of the total relaxation distribution.

The petrographic data was determined from thin sections. This sample contains

69% quartz that has an average grain size of 1400 microns. This sample contains just

over 1% calcite and just over 2% dolomite. Chlorite comprises 9% of the thin section.

The chlorite is found around quartz grains and as clusters filling the secondary porosity.

The kaolinite comprises 2.4% of the sample. The kaolinite is found mainly filling the

secondary porosity. The sample contains 1% or less of heavy minerals, quartz

overgrowths, plagioclase, carbonate rock fragments, and muscovite.
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Figure 7. K 6250.8 relaxation distribution curve.

The TOP for this sample is 6.7%, this is less than half of the core porosity of

17.8%. The optical microporosity for this sample is 10.4%. The dominant type of

porosity as observed in thin section is secondary porosity; it comprises 48% of the TOP.

The average diameter of the secondary pores is 200 microns. Chlorite and kaolinite are

found as cluster in the secondary pores along with the different types ofrock fragments.

The porosity associated with visible clay comprises 15% of the TOP. The largest

diameter of these pores is 40 microns. The porosity associated with dissolved quartz and

feldspar comprises 18% of the TOP. The average diameter of these pores is 120

microns. Primary porosity comprises 19% of the sample. The average diameter of the

primary pores is ]20 microns. The primary pores are usually smaller than the secondary

pores and contain less clay.
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The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 15% of the TOP. This

correlates to the fast portion (1-10 msec) of the relaxation distribution curve, which is

23%ofthe curve. The percentage of the porosity associated with dissolution of quartz

and feldspar is 18% of the TOP. This is in excellent agreement with the portion of the

relaxation curve associated with dissolution is between 10-20 msec, which is 18% of the

curve. The percentage of primary porosity is 19% of the TOP. Primary porosity

correlates to the time range of 20-1 00 msec of the relaxation curve, this is 26% of the

total curve. The secondary porosity comprises 48% of the TOP. The secondary porosity

correlates to the relaxation distribution time range 100-1000 msec, this is 33% of the

total curve.

K6246

This sample has a broad relaxation time distribution that ranges from 1 to 1000

msec (figure 8). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, of the T2 distribution is 0.71 msec. This is

increased to 193 msec when the weighted T2 method is applied. The fast components

«10 msec) comprise 28% of the total relaxation curve.

The petrographic data was detennined from thin section. This sample contains

60% quartz. The average grain size is 940 microns. Chlorite comprises 8.5% of the thin

section. The chlorite is found filling secondary pores and as a thin layer around the

quartz grains. Kaolinite comprises 1% of the thin section. The kaolinite is found filling

the secondary pores. This sample contains 6.7% calcite and 7.3% dolomite. Less than

1% of plagioclase, organic matter and quartz overgrowths are present in the thin section.
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Figure 8. K 6246 relaxation distribution curve.

This sample has a TOP of 9.8%. This is just over half of the core porosity of

17.2%. The microporosity for this sample is 7.4%. The dominant type of porosity is

secondary porosity; it comprises 41% of the TOP. The average diameter of the

secondary pores is 200 microns. The secondary pores contain abundant clay and organic

matter. The porosity associated with visible clay is 33% of the TOP. The largest

diameter of the pores associated with visible clay is 40 microns. The porosity associated

with dissolution of quartz and feldspar is 14% of the TOP. The average pore size of the

pores associated with dissolution is 120 microns. Primary porosity composes 12% of the

TOP. The average diameter of the primary pores is 120 microns. The primary pores are

usually smaller than the secondary pores and contain less clay.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay is 33% of the TOP. This
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correlates to the fast portion (1-10 msec) of the relaxation distribution, which is 28% of

the total curve. The percentage of TOP associated with dissolution ofquartz and

feldspar is 14%. This correlates to the relaxation distribution between 10-20 msec,

which is 23% of the total curve. Primary porosity comprises 12% of the TOP. This

correlates to the relaxation distribution between 20-100 msec, which is 20% of the total

curve. The secondary porosity comprises 41 % of the TOP. This correlates to the time

range of 100-1000 msec of the relaxation distribution. This time range is 27% of the

total curve.

K 6266

This sample has a broad relaxation time distribution that ranges from 5 to 500

msec (Figure 9). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, T2 distribution is 32 msec. This value increases

to 184 msec when the weighted T2 method is applied.

The petrographic data was detennined from thin sections. This sample contains

65% quartz that has an average grain size of 780 microns. This sample contains 2.3%

calcite and 4.5% dolomite. Chlorite comprises 5% of the sample. The chlorite is found

coating some quartz, calcite and dolomite grains. It is also found as clusters filling the

secondary porosity. Kaolinite comprises 7% of the thin section. The kaolinite is found

filling secondary pores. The only type of cement in the sample is quartz overgrowths, it

comprises about 3% of the thin section. The sample contains less than 1% of organic

matter, plagioclase, carbonate rock fragments, muscovite and other rock fragments.
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Figure 9. K 6266 relaxation distribution curve.

The TOP for this sample is 4.5%. This is less than half of the core porosity of

17.1 %. The optical microporosity for this sample is 12.6%. The dominant type of

porosity for this sample is secondary porosity; it comprises 41 % of the TOP. The

average diameter of the secondary pores is 260 microns. The secondary porosity

contains large amounts of clay and rock fragments. The porosity associated with visible

clay comprises l4% of the TOP. The largest diameter of the pores associated with

visible clay is 40 microns. The porosity associated with dissolution of quartz and

feldspar comprises 24% of the TOP. The pores associated with dissolution have an

average diameter of 120 microns. Primary porosity comprises 2] % of the TOP. The

average diameter of the primary pores is 200 microns. The primary pores tend to be

smaller than the secondary pores, and they usually contain less clusters of clay.
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The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay is 14% of the TOP. The

correlates to the fast portion (5-10 msec) of the relaxation distribution curve, which is

15% of the total curve. The percentage of TOP associated with dissolution of quartz and

feldspar is 24%. This is in good agreement with the contribution from the 10 to 20 msec

portion of the relaxation time distribution that is 25%. The percentage ofprimary

porosity is 21 % of the TOP. The portion ofthe relaxation curve associated with primary

porosity ranges between 20 to 100 msec. For this sample the primary porosity is slightly

less than the NMR distribution related to primary porosity. The percentage of the

relaxation distribution curve that corresponds to primary porosity is 37%. The

secondary porosi ty comprises 41 % of the TOP. The di stribution 0 f the relaxation curve

that corresponds to secondary porosity is between 100-1000 msec. For this sample 22%

ofthe relaxation curve corresponds to secondary porosity.

K 6249B

This sample has a broad relaxation time distribution that ranges [Tom 1 to 900

msec (figure 10). The dominant relaxation components are centered between 10 to 100

msec. The geometric, or average, T2 distribution is 28 msec. This value shifts toward

182 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 30% of the total relaxation distribution.

The petrographic data was detennined from thin sections. This sample contains

70% quartz that has an average grain size of 1400 microns. This sample contains less

than 2% of calcite and dolomite. Chlorite composes 10% of the thin section. The

chlorite is found surrounding quartz, calcite and dolomite grains. It is also found as

clusters filling the secondary pores. Kaolinite composes 4% ofthe thin section. The
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kaolinite is mainly found filling the secondary pores. This sample contains less than 1%

of quartz overgrowths, glauconite, plagioclase, carbonate rock fragments, chert and

fossils.
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Figure 10. K 62498 relaxation distribution curve.

The TOP for this sample is 6.7%, this is less than half of the core porosity

of 17.1 %. The optical microporosity for this sample is 10.3%. The dominant type of

porosity as observed in thin section is porosity associated with visible clay; which is

37% of the TOP. The largest diameter associated with the visible clay pores is 40

microns. The majority of the porosity associated with visible clay is found as clusters

filling the secondary pores. Minor amounts of clay are found surrounding the quartz,

calcite and dolomite. The porosity associated with dissolution of quartz and feldspar

comprises 18% of the TOP. The average diameter of the pores associated with

dissolution is 120 microns. Primary porosity comprises 13% of the TOP. The average
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diameter of the primary pores is 160 microns. Secondary porosity comprises 31 % of the

TOP. The average diameter of the secondary pores is 300 microns. The secondary

pores tend to be larger than the primary pores and contain more clay. The primary pores

serve as conduits between quartz, calcite, and dolomite grains to larger pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 37% of the TOP. This

correlates to the fast portion (1-10 msec) of the relaxation distribution curve, which is

30% of the total distribution. The percentage of the TOP associated with dissolution of

quartz and feldspar is 18%. This is in good agreement with the contribution from the 10

to 20 msec portion of the relaxation time distribution that is 20%. The percentage of

primary porosity is 13% of the TOP. The portion of the relaxation curve associated with

primary porosity ranges from 20 to 100 msec. For this sample the primary porosity is

less than the NMR distribution related to primary porosity. The percentage of the

relaxation distribution curve that corresponds to primary porosity is 27%. The

secondary porosity comprises 31 % of the TOP. The distribution of the relaxation curve

that corresponds to secondary porosity is between 100-1000 msec. For this sample the

NMR distribution of 23% is less than the TOP percentage of secondary porosity.

K 6261

This sample has a broad relaxation time distribution that ranges from 0.1 to 1000

msec (figure 11). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, T2 distribution is 44 msec. This value increases

to 246 msec when the weighted T2 method is applied.

The petrographic data was determined from thin section. This sample contains

59% quartz that has an average grain size of780 microns. This sample contains 2,7%

135



calcite and just over 2% dolomite. Chlorite comprises 5.7% ofthe thin section. The

chlorite is found between the quartz, calcite and dolomite grains and as clusters filling

the secondary porosity. Kaolinite composes 8% of the thin section. The kaolinite is

mainly found filling the secondary porosity. Quartz overgrowths are the only type of

cement found in this sample; it comprises 2.7% of the thin section. The sample contains

less than or just over 1% oforganic matter, heavy minerals, plagioclase, biotite,

carbonate and other rock fragments.
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Figure 11. K 6261 relaxation distribution curve.

The TOP for this sample is 7.6% this is less than half of the core porosity of

17.1 %. The optical microporostiy for this sample is 9.3%. The dominant type of

porosity is secondary porosity; it comprises 38% of the TOP. The average diameter of

the secondary pores 200 microns. The secondary porosity contains abundant clay,

organic matter, heavy minerals and rock fragments. The porosity associated with visible
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clay is 20% of the TOP. The largest diameter ofthe pores associated with visible clay

40 microns. The majority of the clay is found in cluster filling the secondary porosity.

The porosity associated with dissolution of quartz and feldspar is 26% of the TOP. The

average diameter of the pores associated with dissolution is 120 microns. Primary

porosity comprises 16% of the TOP. The primary pores tend to be smaller than the

secondary pores. The average pore diameter is 120 microns. The primary pores usually

contain less clay than the secondary pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 20% of the TOP. This

correlates to the fast portion (0.1-10 msec) ofthe relaxation distribution curves, which is

12% of the total distribution. The percentage of the TOP associated with dissolution of

quartz and feldspar is 26%. This correlates to the 10 to 20 msec portion of the relaxation

time distribution that is 19% of the total curve. The percentage of the primary porosity

is 16% of the TOP. The portion of the relaxation curve associated with primary porosity

ranges from 20 to 100 msec. For this sample the primary porosity is slightly less than

the NMR distribution related to primary porosity. The percentage of the relaxation

distribution curve that corresponds to primary porosity is 36%. The secondary porosity

comprises 38% of the TOP. This is in good agreement with the portion of the relaxation

distribution that corresponds to secondary porosity. The distribution of the relaxation

curve that corresponds to secondary porosity is between 100 to 1000 msec. For this

sample 32% ofthe relaxation curve corresponds to secondary porosity.

K 6245.1

This sample has a broad relaxation time distribution that ranges from 0.5 to 1000

msec (figure 12). The duminant relaxation components are centered between 10 to 100
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msec. The geometric mean, or average, T2 distribution is 20 msec. This shifts towards

171 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 37% of the relaxation distribution.

The petrographic data was detennined from thin sections. This sample contains

65% quartz that has an average grain size of 930 microns. The sample contains 5%

calcite and 3% dolomite. Chlorite composes 9 % of the sample. The chlorite is found

between the quartz, calcite and dolomite grains. The chlorite is also found as cluster

filling the secondary porosity. The sample contains less than 1% ofheavy minerals,

plagioclase, glauconite, muscovite and quartz overgrowths.
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Figure 12. K 6245.1 relaxation distribution curve.

The TOP for this sample is 12%, this is slightly lower than the core porosity of

16%. The optical microporosity for this sample is 4%. The dominant type ofporosity as
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observed in thin section is secondary porosity~ it comprises 46% of the TOP. The

average diameter of the secondary porosity is 200 microns. The secondary porosity

contains abundant clay and heavy minerals. The porosity associated with visible clay

composes 24% of the TOP. The largest diameter of the pores associated with visible

clay is 40 microns. The majority of the clay porosity is found in the cluster of clay

contained in the secondary porosity. The porosity associated with dissolution of quartz

and feldspar is 14% of the TOP. The average diameter of the pores associated with

dissolution is 40 microns. Primary porosity composes 19% of the TOP. The average

diameter of the primary pores is 120 microns. The primary pores usually contain less

clay than the secondary pores and do not contain the fragments that are found in the

secondary porosity.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 24% of the TOP. This

correlates to the fast portion (0.5-10 msec) of relaxation distribution curve, which is 37%

of the total distribution. The percentage of TOP associated with dissolution of quartz

and feldspar is 14%. This is close to the contribution from the 10 to 20 msec portion of

the relaxation time distribution that is 19%. The percentage of primary porosity is 19%

of the TOP. The portion of the relaxation curve associated with primary porosity ranges

from 20 to 100 msec. For this sample the primary porosity is slightly less than the NMR

distribution related to primary porosity. The percentage of the relaxation distribution

curve that corresponds to primary porosity is 21%. The secondary porosity comprises

46% of the TOP. The distribution of the relaxation curve that corresponds to secondary

porosity is between 100-1000 msec. For this sample 22% of the relaxation curve

corresponds to secondary porosity.
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K 6249A

This sample has a broad relaxation time distribution that ranges from 1 to 1000

msec (figure 13). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, of the T2 distribution is33 msec. This value

shifts towards 205 msec when the weighted T2 method is applied.

The petrographic data was deterrnined from thin sections. This sample contains

55% quartz, which has an average grain size of940 microns. Chlorite composes 9.7%

of the sample. The chlorite is found between quartz, calcite, and dolomite. The chlorite

is also found as cluster that is filling the secondary porosity. Kaolinite composes 2.2%

of the thin section. The kaolinite is found mainly filling the secondary porosity. The

sample contains 8.9% carbonate rock fragments. The thin section contains less than 1%

of calcite, dolomite, quartz overgrowths, heavy minerals, and plagioclase.
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Figure 13. K 6249A relaxation distribution curve.

The total optical porosity is 9.4%. The TOP is slightly less than the core porosity of

14.5%. The optical mircoporosity for this sample is 5%. The dominant types of porosity

are primary and secondary porosity; each comprises 32% of the TOP. The average

diameter of the primary pores is 200 microns. The primary pores contain little clay. The

average secondary pores are 400 microns. The secondary pores contain abundant clay,

the heavy minerals and rock fragments. The porosity associated with visible clay

comprises 22% of the TOP. The largest pore diameter associated with visible clay 40

microns. The porosity associated with dissolution of quartz and feldspar is 14% of the

TOP. The average pore diameter ofthe pores associated with dissolution is 300

mIcrons.
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The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 22% of the TOP. This

correlates to the fast portion (1-10 msec) of relaxation distribution curve, which is 28%

of the total distribution. The percentage of TOP associated with the dissolution of quartz

and feldspar is 14%. This is in good agreement with the contribution from the 10 to 20

msec portion of the relaxation time distribution that is 17%. The percentage of primary

porosity is 32% of the TOP. The portion of the relaxation curve associated with primary

porosity ranges between 20 to 100 msec. For this sample the primary porosity is slightly

less than the NMR distribution related to primary porosity. The percentage of the

relaxation distribution curve that corresponds to primary porosity is 26%. The

secondary porosity comprises 32% of the TOP. The distribution of the relaxation curve

that corresponds to secondary porosity is between 100 to 1000 msec. For this sample

27% of the relaxation curve corresponds to secondary porosity.

K 6266.4

This sample has a broad relaxation time distribution that ranges from 0.5 to 1000

msec (figure 14). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, T2 distribution is 41 msec. This shifts towards

222 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise only 13% of the relaxation distribution.

The petrographic data was determined from thin section. This sample contains

52% quartz that has an average grain size of 800 microns. Calcite comprises almost

10% of the thin section. Dolomite comprises 5.3% of the thin section. This sample

contains just over 1% of quartz that is being replaced by dolomite. Chlorite composes

4.7% of the thin section. The chlorite is found mainly as clusters filling the secondary
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porosity. Minor amounts of chlorite are found between the quartz grains. Kaolinite

comprises 6.7% of the thin section. The kaolinite is found mainly as clusters filling the

secondary porosity. The only type of cement found in this sample is quartz

overgrowths; it comprises almost 3% of the sample. The sample contains fewer than 3%

of carbonate rock fragments. The sample contains less than I% of quartz being replaced

by calcite, organic matter, biotite, fossils, and rock fragments .
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Figure 14. K 6266.4 relaxation distribution curve.

The TOP for this sample is 6.1 %. The TOP is just less than half of the core

porosity, of 14%. For this sample the optical mircroporosity is 7.9%. The dominant

type of porosity is secondary porosity; it comprises 37% ofthe TOP. The average pore

diameter of the secondary porosity is 200 microns. The secondary porosity contains

abundant clay and rock fragments. The porosity associated with visible clay comprises

12% of the TOP. The largest diameter of the porosity associated with visible clay is 40
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mIcrons. The majority of the porosity associated with the clay is found within the clay

clusters found within the secondary porosity. The porosity associated with dissolution of

quartz and feldspar is 28% of the TOP. The average diameter of the porosity associated

with dissolution is 120 microns. Primary porosity composes 23% of the TOP. The

average diameter of the primary pores is 120 microns. The primary pores contain less

clay than the secondary pores. The primary pores act as conduits between quartz grains

to connect larger pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay porosity is 12% of the TOP. This

agrees with the fast portion (5-10 msec) of relaxation distribution curve, which is 13% of

the total distribution. The percentage of the TOP associated with the dissolution of

quartz and feldspar is 28%. This correlates to the contribution from the 10 to 20 msec

portion of the relaxation time distribution that is 20%. The percentage of primary

porosity is 23% of the TOP. The portion of the relaxation curve associated with primary

porosity ranges between 20 to 100 msec. For this sample the primary porosity is less

than the NMR distribution related to primary porosity. The percentage of the relaxation

distribution curve that corresponds to primary porosity is 38%. The secondary porosity

comprises 37% of the TOP. The distribution of the relaxation curve that corresponds to

secondary porosity is between 100 to 1000 msec. For this sample 28% of the relaxation

curve corresponds to secondary porosity.

K 6243.1

This sample has a broad relaxation time distribution that ranges from 0.1 to 1000

msec (figure 15). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average. T2 distribution is 18 msec. This shifts towards
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109 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise only 39% of the relaxation distribution.

1000
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Figure 15. K 6243.1 relaxation distribution curve.

The petrographic data was detennined from thin section. This sample contains

68% quartz that has an average grain size of 1250 microns. Calcite comprises 2.7% of

the sample. Dolomite composes 4.3% of the thin section. Chlorite composes 9.5% of

the sample. The chlorite is found as clusters filling the secondary porosity and as a thin

layer surrounding the quartz, calcite and dolomite grains. The sample contains less than

I% of heavy minerals, kaolinite and rock fragments.

The TOP for this sample is 8.6% this is slightly less than the core porosity of

10.8%. The optical microporosity for this sample is 2.2%. The dominant type of

porosity is secondary porosity; it comprises 44% ofthe TOP. The average diameter of

the secondary porosity is 330 microns. The secondary porosity contains abundant clay
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and heavy minerals. The porosity associated with visible clay is 36% of the TOP. The

largest pores associated with visible clay are 40 microns. The clusters ofclay filling the

secondary pores contain large voids (120 microns) when soft minerals or fossils have

dissolved. The porosity associated with dissolution of quartz and feldspar comprises

12% of the TOP. Primary porosity composes 8% of the TOP. The average diameter of

the primary pores is 200 microns. The primary pores contain less clay than the

secondary pores and are usually smaller than the secondary pores.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 36% of the TOP. This

agrees with the fast portion (5-10 msec) of the relaxation distribution curve, which is

39% of the total distribution. The percentage of TOP associated with dissolution of

quartz and feldspar is 12%. This corresponds to the 10 to 20 msec portion of the

relaxation distribution that is 19%. The percentage of primary porosity is 8% of the

TOP. The portion of the relaxation curve associated with primary porosity ranges

between 20 to 100 msec. For this sample the primary porosity is slightly less than the

NMR distribution related to primary porosity. The percentage of the relaxation

distribution curve that corresponds to primary porosity is 13%. The secondary porosity

comprises 44% of the TOP. The distribution of the relaxation curve that corresponds to

secondary porosity is between 100 to 1000 msec. For this sample 28% of the relaxation

curve corresponds to secondary porosity.

K6267

This sample has a broad relaxation time distribution that ranges from 0.8 to 200

msec (figure 16). The dominant relaxation components are centered between 10 to 100

msec. The geometric mean, or average, T2 distribution is 18 msec. This shifts towards
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109 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise only 24% of the relaxation distribution.
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Figure 16. K 6267.7 relaxation distribution curve.

The petrographic data was deteITIlined from thin section. This sample contains

58% quartz that has an average grain size of 400 microns. Chlorite composes only 2%

of the sample. The majority ofthe chlorite is found surrounding the quartz grains. The

percentage of kaolinite in the thin section is just over 1%. The kaolinite is found filling

the secondary pores. The sample contains 9.4% calcite cement. Dolomite cement

comprises 11.3% of the thin section. The calcite and the dolomite cement are replacing

the secondary porosity. The decrease in the weighted T2 value is due to the increase in

cement. The sample contains 3.1 % carbonate rock fragments and 1.8% shale rock

fragments. The rock fragments are found within the calcite and dolomite cements. The
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sample contains less than 1% of calcite grains, dolomite grains, organic matter,

plagioclase, siderite, fossils and other rock fragments.

The TOP for this sample is 2.3%, this is less than half of the core porosity of

9.6%. For this sample the optical microporosity is 7.2%. The dominant type of porosity

in this sample is the porosity associated with dissolution; it comprises 54% of the TOP.

The average diameter of the pores associated with dissolution is 120 microns. The

porosity associated with visible clay comprises 10% ofthe TOP. The largest pore

diameter associated with visible clay is 40 microns. Primary porosity comprises 1.3% of

the TOP. The average primary porosity diameter is 200 microns. The secondary

porosity comprises 35% ofthe TOP. The average diameter of the secondary porosity is

300 microns. The primary and secondary porosity is decreased due to the increase in

cement.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay porosity is 10% of the TOP. This

correlates to the fast portion (0.7-10 msec) of the relaxation curve, which is 24% of the

total distribution. The percentage of the TOP associated with dissolution of quartz and

feldspar is 54%. The porosity associated with dissolution corresponds to the 10 to 20

msec portion of the relaxation curve. For this sample the percentage of the relaxation

distribution that corresponds to porosity associated with dissolution is 36% of the total

relaxation curve. Primary porosity comprises only 1.3% of the TOP. The portion of the

relaxation curve associated with primary porosity ranges from 20 to 100 msec. For this

sample the primary porosity is significantly less than the NMR distribution related to

primary porosity. The percentage of the relaxation distribution curve that corresponds to

primary porosity is 30%. The secondary porosity comprises 35% of the TOP. The
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distribution of the relaxation curve that corresponds to secondary porosity is between

100 to 200 msec. For this sample 10% of the relaxation curve corresponds to secondary

porosity.

B 13629

This sample has a broad relaxation time distribution that ranges from 0.1 to 400

msec (figure 17). The dominant relaxation components are centered between 1 to 10

msec. The geometric mean, or average, T2 distribution is 9.7 msec. This shifts towards

178 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise only 51 % of the relaxation distribution.
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Figure 17. B 13629 relaxation distribution curve.

The petrographic data was detennined from thin section. This sample contains

13% quartz. The majority ofthe thin section is composed of clay matrix, which is

chloritic in nature. The clay matrix composes 69% of the thin section. Within the clay
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matrix chert fragments are present. The chert fragments comprise 2% of the thin

section. Less than 1% of glauconite, heavy minerals, plagioclase, muscovite, siderite,

and shale rock fragments are present.

The TOP for this sample is 5.6%, which is slightly less than the core porosity of9%.

The optical microporosity for this sample is 3.3%. The only type of porosity measured

through thin section is porosity associated with visible clay. It comprises 100% of the

TOP. The porosity associated with visible clay is formed from voids in the clay matrix

where the clay has dissolved soft minerals or fossils.

The total area under the relaxation distribution curve correlates with the total

porosity. The portion of the NMR relaxation distribution associated with porosity from

visible clay corresponds to the fast portion (0.1-10 msec) of the relaxation curve. This

portion of the relaxation distribution comprises 51 % of the total curve. The portion of

the relaxation distribution that corresponds to porosity associated with dissolution is

between 10 to 20 msec. This portion of the relaxation distribution comprises 9% of the

total distribution. Primary porosity corresponds to the portion of the relaxation curve

between 20 to 100 msec. The portion of the NMR relaxation curve that corresponds to

primary porosity is 15% of the total distribution. Secondary porosity corresponds to the

slow portion (100-400 msec) of the relaxation curve, which is 24% of the total

distribution.

M 11888

This sample has a broad relaxation time distribution that ranges from 1 to 400

msec (figure 18). The dominant relaxation components are less than 100 msec. The

geometric mean, or average, T2 distribution is 81 msec. This shifts towards 281 msec
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when the weighted T2 method is applied. The fast components «10 msec) comprise

only 17% of the relaxation distribution.

The petrographic data was determined from thin section. This sample contains

74% quartz that has an average grain size of 400 microns. Chlorite composes 5% of the

thin section. The chlorite is found as a thin layer between quartz grains. The sample

contains three types ofcement. The quartz overgrowths comprise 4% of the thin section.

The quartz overgrowths fonned in the primary pores. Calcite cement comprises almost

6% of the thin section. The calcite cement filled in the secondary pores. Besides calcite

cement filling the secondary porosity, dolomite cement also formed; it comprises just

less than 4% of the thin section. The sample contains less than 1% of organic matter,

plagioclase, kaolinite and shale rock fragments.
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Figure 18. M 11888 relaxation distribution curve.
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The TOP for this sample is 4%, which is less than the core porosity of 7.9%. The

optical microporosity for this sample is 3.9%. The dominant type of porosity is

secondary porosity~ it comprises 47.5% of the TOP. The average secondary pore

diameter is 200 microns. The small pores are due to the cement that has filled the large

voids. The porosity associated with visible clay comprises 20% of the TOP. The largest

pore diameter associated with visible clay is 10 microns. The porosity associated with

dissolution of quartz and feldspar is 7.5% of the TOP. The average pore diameter

associated with dissolution is 100 microns. Primary porosity comprises 25% of the

TOP. The average pore diameter is 120 microns.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay composes 20% of the TOP. This

correlates to the fast portion (1-10 msec) of the relaxation distribution curve, which is

17% of the total curve. The percentage of the TOP that is associated with dissolution of

quartz and feldspar is 7.5%. This correlates to the 10 to 20 msec portion of the

relaxation time distribution that is 16%. The percentage of primary porosity is 25% of

the TOP. The portion of the relaxation curve associated with primary porosity ranges

between 20 to 100 msec. For this sample the NMR distribution related to primary

porosity is 20% of the total distribution. The secondary porosity comprises 47.5% of the

TOP. This closely agrees with the distribution of the relaxation curve between 100 to

400 msec. For this sample 46% of the relaxation curve corresponds to secondary

porosity.

K 6240.6

This sample has a broad relaxation time distribution that ranges from 0.1 to 500

msec (figure 19). The dominant relaxation components are centered between 1-10 msec.
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The geometric mean, or average, T2 distribution is 3.5 msec. This shifts towards 72

msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 79% of the relaxation distribution.

The petrographic data was obtained from thin section analysis. This sample

contains 26% quartz that has an average grain size of 70 microns. The sample contains

67% clay matrix. Within the clay matrix minor amounts ofmuscovite, plagioclase,

heavy minerals, siderite, zeolites, carbonate rock fragments and glauconite are present in

the thin section. The sample contains 1% of calcite grains.
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Figure 19. K 6240.6 relaxation distribution curve.

The TOP for this sample is 2.3%, which is half of the core porosity of7.2%. The

optical microporosity for this sample is 4.9%. The dominant type of porosity is porosity

associated with visible clay. The porosity associated with visible clay comprises 100%

of the TOP. The largest pore diameter of the visible clay porosity is 40 microns. The
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porosity associated with dissolution of quartz and feldspar, primary porosity and

secondary porosity are greatly reduced because of the increase clay content.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay comprises 100% of the TOP. The

portion of the relaxation curve that corresponds to visible clay porosity is the fast portion

(0.1 -10 msec) of the relaxation distribution. This time range contributes to 80% of the

NMR relaxation distribution. The portion of the relaxation curve that corresponds to

porosity associated with dissolution of quartz and feldspar is between 10 to 20 msec,

which is 3% of the total relaxation distribution. Primary porosity corresponds to the 20

to 100 msec portion of the relaxation distribution. This time range corresponds to 7% of

the total relaxation distribution. Secondary porosity correlates to the time range of 100

to 500 msec of the relaxation distribution, which is 9% of the total relaxation curve.

M 13288

This sample has a broad relaxation time distribution that ranges from 0.1 to 800

msec (figure 20). The dominant relaxation components are centered between 1-10 msec.

The geometric mean, or average, T2 distribution is 8 msec. This shifts towards 23 msec

when the weighted T2 method is applied. The fast components «10 msec) comprise

68% of the relaxation distribution.
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Figure 20. M 13288 relaxation distribution curve.

The petrographic data was detennined from thin section analysis. This sample

contains 78% quartz that has an average grain size 0[780 microns. The sample contains

2.3% chlorite clay. The chlorite is found mainly as dust rims around quartz grains.

Quartz overgrowths are the main type of cement found in the thin section, it comprises

6.2% of the thin section. Dolomite cement comprises 2.6% of the thin section. The

quartz overgrowths fills the primary porosity while the dolomite cement is filling the

secondary porosity. The sample contains 7.5% of shale rock fragments, with an average

grain size of 900 microns. The sample contains 1.2% fossils that are replaced by clay.

The sample contains less than I% of calcite cement and zircon.

There is less than 1% of TOP. The core porosity for this sample is 4.5%. The

optical rnicroporosity for this sample is 4%. The only type of porosity observed in the
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thin section is secondary porosity. This porosity occurs because of a styolite in the thin

section. The average pore diameter of the secondary porosity is less than 40 microns.

The total area under the relaxation distribution curve correlates with the total

porosity. The portion of the relaxation distribution that corresponds to visible clay

porosity ranges between 0.1 to 10 msec. This fast portion of the relaxation distribution

is 68% of the total distribution. The portion of the relaxation distribution that

corresponds to porosity associated with dissolution is between 10 to 20 msec; which is

16% ofthe total distribution. Primary porosity corresponds to the 20 to 100 msec

portion of the relaxation distribution; which is 14% of the total distribution. Secondary

porosity composes 100% of the TOP. Secondary porosity corresponds to the slow

portion of the relaxation distribution from 100 to 800 msec. For this sample 0% of the

NMR relaxation corresponds to secondary porosity.

M 11886

This sample has a broad relaxation time distribution that ranges from 3 to 1000

msec (figure 21). The dominant relaxation components are centered between 10-10

msec. The geometric mean, or average, T2 distribution is 45 msec. This shifts towards

231 msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 26% of the relaxation distribution.
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Figure 21. M ] 1886 relaxation distribution curve.

The petrographic data was determined from thin section analysis. The sample

contains 78% quartz that has an average grain size of 400 microns. Chlorite composes

7.1 % of the thin section. The chlorite is found surrounding quartz grains and as clusters

in the secondary pore space. The sample contains three types ofcement. Quartz

overgrowths comprise 2.6% of the thin section. Dolomite cement comprises 2.2% of the

sample and calcite cement composes only 1% of the thin section. The sample contains

less than 1% of kaolinite, organic matter, plagioclase, carbonates rock fragments,

siderite, and other rock fragments.

For this sample the TOP is 3.7%, which is slightly less than the core porosity of

4.4%. The optical microporosity for this sample is 0.7%. The dominant type of porosity

as observed in thin section is secondary porosity; it comprises 50% of the TOP. The

average diameter of the secondary porosity is 200 microns. The secondary pores contain
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clusters of clay and calcite and dolomite cement. The different types of rock fragments

are also present in the secondary porosity. The porosity associated with visible clay is

31 % of the TOP. The largest pore diameter of the porosity associated with visible clay

is 40 microns. The porosity associated with dissolution of quartz and feldspar is 19% of

the TOP. The average pore diameter of the porosity associated with dissolution is 120

microns. There is on primary porosity observed in the thin section.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with the visible clay is 31 % of the TOP. This

correlates to the fast portion (3-10 msec) of the relaxation distribution curve; which is

26% of the total distribution. The percentage of the TOP associated with dissolution of

quartz and feldspar is 19%. This is in good agreement with the contribution from the 10

to 20 msec portion of the relaxation time distribution that is 17%. There was no primary

porosity observed in the thin section. The portion of the relaxation curve corresponding

with primary porosity ranges from 20 to 100 msec. For this sample the percentage of the

NMR relaxation distribution related to primary porosity is 25%. Secondary porosity

comprises 50% of the TOP. The distribution of the relaxation curve that corresponds to

secondary porosi ty is between 100 to 1000 msec. For this sample 31 % of the relaxation

curve corresponds to secondary porosity.

M 13302

This sampIe has a broad relaxation time distribution that ranges from 0.1 to 1000

msec (figure 22). The dominant relaxation components are centered between 1-10 msec.

The geometric mean, or average, T2 distribution is 12msec. This shifts towards 20 msec

when the weighted T2 method is applied. The fast components «10 msec) comprise

73% of the relaxation distribution.
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Figure 22. M 13302 relaxation distribution curve.

The petrographic data was obtained from thin section analysis. The sample

contains 82% quartz that has an average grain size of 200 microns. Quartz overgrowths

are the only type of cement present in the sample. They comprise 7.5% of the sample.

Calcite comprises 2.2% of the sample and dolomite comprises just over 1% of the

sample. Chlorite comprises 3.5% of the sample. The chlorite is in the form of dust rims,

surrounding the quartz grains. The sample contains 1% or less of organic matter,

siderite, chert fragments, and fossils - crinoids and formas. The fossils contained within

the cement.

The TOP for this sample is 0.1 %, which is less than half of the core porosity of

2.2%. The optical microporosity for this sample is 2%. The dominant type of porosity

observed from thisn section is secondary porosity; it comprises 99% of the TOP. The

average secondary pore diameter is less than 40 microns. The secondary porosity
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contains chlorite, organic matter, siderite and cher fragments. The smaller pore size is

due to the increase in quartz overgrowths. Porosity associated with visible clay

comprises 1% of the TOP. This is the only other type of porosity observed from thin

section. The average diameter of the visible clay porosity is less than 40 microns.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay is 1% of the TOP. This correlates to

the fast portion (0.1-10 msec) of the relaxation distribution curve, which is 73% of the

total distribution. The portion of the relaxation distribution that correlates to porosity

associated with dissolution of quartz and feldspar is between 10 to 20 msec, which is 1%

of the total distribution. Primary porosity corresponds to the 20 to 100 msec range of the

relaxation distribution. For this sample, 25% of the total relaxation distribution

correlates to primary porosity. The secondary porosity comprises 99% of the TOP. The

distribution of the relaxation curve that corresponds to secondary porosity is between

100 to 1000 msec. For this sample the relaxation distribution is not present.

B 12807

This sample has a broad relaxation time distrihution that ranges from 0.1 to 200

msec (figure 23). The dominant relaxation components are centered between 1-10 msec.

The geometric mean, or average, T2 distribution is 12 msec. This shifts towards 76

msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 64% of the relaxation distribution.

The petrographic data was determined from thin section analysis. The sample

contains only 26% quartz that has an average grain size of 330 microns. The sample

contains 48% quartz overgrowths. The quartz overgrowths are replacing the visible

. . h I The sample contains 12% calcite. Chert fragments are present inPOroSIty III t e samp e.
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the thin section, but only in minor amounts The chert fragm t ..
. en s compnse Just over 2%

ofthe thin section. The sample contains 1.5% of rock fragments. Less than 1% of

organic matter, plagioclase, biotite, siderite, dolomite, forams, and shale rock fragments

are present in the thin section.
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Figure 23. B 12807 relaxation distribution curve.
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There is not visible porosity in the sample. The core porosity is 0.51%, therefore

the core porosity is also the optical microporosity. The percentages of the NMR

relaxation distributions are shown in Table T. The portion of the relaxation distribution

that corresponds to visible clay porosity ranges from 0.1 to 10 msec, which is 64% of the

total distribution. Porosity associated with dissolution of quartz and feldspar

corresponds to the 10 to 20 msec time range of the relaxation distribution. This portion

of the relaxation distribution comprises 15% of the total distribution. Primary porosity

corresponds to the 20 to 100 msec portion of the relaxation distribution, which is 12% of
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the total distribution. Secondary porosity corresponds to the 100 to 200 msec portion of

the relaxation distribution, which is 9% of the total distribution.

B 13624

This sample has a broad relaxation time distribution that ranges from 0.1 to 15

msec (figure 24). The dominant relaxation components are centered between 1-10 msec.

The geometric mean, or average, T2 distribution is 21 msec. This shifts towards 8 msec

when the weighted T2 method is applied. The fast components «10 msec) comprise

92% 0 f the relaxation distribution.

The petrographic data was determined from this section analysis. This sample

contains 38% quartz that has an average grain size 0[200 microns. The sample contains

45% clay matrix. Chert fragments, which comprise 6% of the sample. Shale fragments

compose 3% of the sample. The chert and shale fragments are both found in the clay

matrix. The sample contains 1% or less of organic matter, glauconite, plagioclase,

muscovite, biotite, forams, and other rock fragments.
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Figure 24. B 13624 relaxation distribution curve.

Both the TOP and the core porosity for this sample is 0.4%. Therefore there is

not optical microporosity. Porosity associated with visible clay is the only type of

porosity observed in the thin section.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay porosity is 100% of the TOP. This

corresponds to the fast portion (0.1-10 msec) of the relaxation distribution, which is 92%

of the total distribution. The portion of the relaxation curve that correlates to the

porosity associated with dissolution of quartz and feldspar is between 10 to 20 msec.

This portion of the relaxation curve comprises 7% of the total distribution.

M 13291

This sample has a broad relaxation time distribution that ranges from 0.1 to 500

msec (figure 25). The dominant relaxation components are centered between 1-10 msec.
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The geometric mean, or average, T2 distribution is 9 msec. This shifts towards 150

msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 58% of the relaxation distribution.

The petrographic data was obtained from thin section analysis. This sample

contains 77% quartz that has an average grain size of 200 microns. The sample contains

8.2% quartz overgrowths. The abundance of quartz overgrowths significantly decreases

the porosity. The sample contains just over 2% of forams and crinoids. These fossils

are found in the quartz overgrowths. The sample contains 3.7% chlorite clay. The clay

is found as dust rims between the quartz grains and the quartz overgrowths. The sample

contains I% or less of chert fragments, calcite, dolomite, heavy mineral, organic matter,

muscovite, brachiopods, shale fragments and zircon.
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Figure 25. M 13291 relaxation distribution curve.
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The geometric mean, or average, T2 distribution is 9 msec. This shifts towards 150

msec when the weighted T2 method is applied. The fast components «10 msec)

comprise 58% of the relaxation distribution.

The petrographic data was obtained from thin section analysis. This sample

contains 77% quartz that has an average grain size of 200 microns. The sample contains

8.2% quartz overgrowths. The abundance of quartz overgrowths significantly decreases

the porosity. The sample contains just over 2% of forams and crinoids. These fossils

are found in the quartz overgrowths. The sample contains 3.7% chlorite clay. The clay

is found as dust rims between the quartz grains and the quartz overgrowths. The sample

contains 1% or less of chert fragments, calcite, dolomite, heavy mineral, organic matter,

muscovite, brachiopods, shale fragments and zircon.
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Figure 25. M 13291 relaxation distribution curve.
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The TOP for this sample is 0.38%. The core porosity did not give an accurate

value for this sample. The only type of porosity observed in the thin section is

secondary porosity. The average pore diameter for the secondary porosity is 10 microns.

The secondary porosity is found between the quartz overgrowths.

The total area under the relaxation distribution curve correlates with the total

porosity. The porosity associated with visible clay corresponds to the fast portion (0.1­

10 rosec) of the relaxation curve, which is 59% of the total relaxation. The porosity

associated with dissolution of quartz and feldspar corresponds to the 10 to 20 msec

portion of the relaxation distribution. This portion of the relaxation distribution

comprises 8% of the total distribution. Primary porosity corresponds to the 20 to 100

msec portion of the relaxation distribution, which is 12% of the total distribution.

Secondary porosity comprises 100% of the TOP. This correlates to the slow portion

(100-500 rosec) of the relaxation distribution, which is 20% of the total distribution.
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