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USING BROAD-LINE NUCLEAR MAGNETIC RESONANCE SPECTROMETRY
TO ESTIMATE POTENTIAL OIL YIELDS OF OQIL SHALES

by

A W, Deccra,I F. R. McDonald,? and G. L. Cook?

|

!\\ ' ’ ABSTRACT

“3A technigue has been developed utilizing proton, broad-line nuclear mag-
netic resonance Spectrometry to estimate the oxganic carben contents and the
potential oil yields of five domestic oil shales. The quantity of orgamic
hydrogen in the oil shales 1s mathemstically related to the organic carbom con-
tents and to the potential oil yields so that the proton, broad-line nuclear
magnetic resonance signal strength can be correlated with both the Fischer
assay oil yield and the orgamic carbon contents of oil shales from Celorado,
Utah, Wyoming, and Kentucky. The experimental data indicate that calibration
curves need be determined but once for a limited oil shale area under develop-
ment. The method is rapid, can be applied without extensive calibratiom, and
gives good estimates 'of oil yields and orgamic carbon contents on as many as
30 samples per hour. ¥ e :

INTRODUCTION

The Bureau of Mines has been engaged for many years in research on oil
shales. One pkase of the research is the development of techniques to describe
the characteristics, composition, and properties of Green River Formatiom oil
shales in Colorado, Wyoming, and Utah. Of immediate interest for the evalua-
tion of the resource is the determination of the quantities of organic matter
and of recoverable shale oil that are represented in these deposits.

There are two methods that are the most commonly used to estimate the
organic matter and the recoverable shale oil present in oil shales. The
method for estimating total organic matter is the measurement of organic car-
bon content by combustion (11).* The most common method for estimating the
recoverable shale oil from oil shales is the modified Fischer assay method «(8).

L1Research chemist, project leader.

2Research chemist.

2Project coordinator.

All aurhors are with the Laramie Energy Research Center, Bureau of Mines,
Laramie, Wyo.

4Underlined numbers in parentheses refer to items in the list of references
preceding the appendixes.
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The latter method involves controlled heating of a sampte of ¢il shale im a
small metal retort. Bothk of these methods give satisfactory results, but they
are time consuming. For example. a typical Fischer assay may take 1-1/2 hours
to complete and organic carbon deterwinations by cowmbustion may take & hours
to complete. A more rapid method would have the advantage of increasing the
number of samples that could be processed per ucit time.

Spectroscopic analyses, where they can be applicd, offcr many advantages.
One of these advantages is wusually the rapidity with which analyses may be
performed. Broad-line nuclear magnetic resonance (NMR) spectrometry has poten-
tial application for estimating oil yields from oil shales. The purpose of
the present study was to seek a correlation between protom signal strengths
and the Fischer assay oil yields and the organic carbon contents of oil shales.
In the present work it was necessary to determine if the correlations of the
proton, broad-line NMR signal strengths were independent of the depths of the
oil shale samples; that is, the hydrogen-to-carbon content and the hydrogen-to-
potential oil yiel? must be sufficiently independent of depth so that the NMR
correlations could be used in an analytical method. It was also mecessary to
show that the correlations remain valid over the limited area of an oil shale
deposit undar development. The usual questions regarding other possible inter-
ferences had to be amswered, perticularly the possible interference from water
protons and inorganic protous. ’ ’

In additjon to the major thesis of this report, some research was devoted
to the preliminary determination of the sensitivities of organic hydrogen of
the several oil shales studied. The results indicate that it should be possi-
hle to establish absolute semsitivities for the protons that will serve as the
basis for future applications of this research. For example, once known,
these absolute sensitivities should be valuable in determining the hydrogen-to-
carbon ratios (which are related to the potential oil yields) without the need
for calibration using any other independent technique.

Results of the present research showed that protoen, broad=line NMR signal
strengths correlated with the Fischer assay oil yields, the organic carbon con-
tents, and the organic hydrogen contents of five oil shales from Colorada,
Urah, Wyoming, and Kentucky. Correlations were shown to be independent of
depth. Similarities of correlation parameters for cores of cil shales from
the Green River Formation mearly 100 miles apart indicate that only one set of
calibration data need be obtained for one oil shale deposit under commercial
development, The method is rapid, and the oil yields and organie carbon con-
tents can be estimated on as many as 30 sampless per hour. The spectrometric
results can be used to supplement the commonly used methods so that the
desired data may be rapidly mgasured on large numbers of samples expected in a
future o0il shale industry.

BASIS FOR APPLICATION OF NMR TC OIL SHALE ANALYSIS

Nuclear magnetic resonance spectrometry is a powerful tool for character-
izing chemical substances. The resonance techmnique offers a way in which one
may select particular atoms of iInterest for study. This can be dome by choos-
ing an appropriate combination of magnetic field and radio frequency field



strengths to "tune-in" to particular atoms of interest--for example, hydrogen.
Also, as in other forms of absorption spectroscopy, the absorption signal is
proporticnal to the number of atoms undergoing the magnetic resonance phenome-
non.  The NMR .technique has been extensively used for chemical amalysis in the
quarter century since its discovery. In the present study, the concern is lim-
ited to the use of NMR spectrometry in the study of oil shales.

Broad-line nuclear magnetic resonance signals are obtained when NMR spec-
tra of solid state samples are recorded. Line broadening occurs because of
dipole~dipole interactions of nuclear magners in the rigid environment charac-
teristic of the solid state. The solid sample is usually made into a fine
powder to achieve a random distribution of molecular orientations, which has
the effect of marrowing the line widrhs somewhat. Various features of the
spectra can then be used to deduce structural features of the solid (1-2, 4).

EXPERIMENTAL FROCEDURES

Ceographical Loezation of the 0il Shales Studied

Five oil shales from different geographic locarions were used in this
study--four from the Green River Formation in Colorado, Wyoming, and Utah, and
one from the New Albany Foermation in Kentucky. All of the oil shales were
selected from cores upeon which other research has been done by the Laramie
Energy Research Center (3-8, 10, 12).

For purposes of the present study, one of the 0il shales from the Green
River Formation was chosen from the Piceance Creek Basin im Colorade (desige
nated "Colorado"); cme from the Creen River Basin in Wyoming [designated T
'"Wyoming (GRB)"]; one from the Washakie Basin in Wyoming [designated "Wyoming
(WB)"7]; and one from the Uinta Basin in Utah (designated "Utah"). The approx-
imate locations ¢f these four Green River Formation oil shales are shown in
figure 1.

The fifth oil shale, from the New Albany Formation in Kentucky (desig-
nated "Kentucky"), has already been shown to be different in composition from
the Green River Formation oil shales (1).

Choice of 0i) Shale Samples

Several samples were selected from each of the oil shale cores. The sam-
ples were chosen after studying Fischer assay data sheets and then selecting
samples of different oil yields and from different depths below the surface of
the ground. The samples chosen had a2 range -in Fischer assay o¢il yield from
about 0 to 50 gal/ton and an organic carbon content range of about 0.5 to 25
weight-percent, ’

The number of samples from each core were as fellows: 13 samples of the
Colorado core were chosen from 821 feet of the core; 17 samples of the Wyoming
(GEB) core were. chosen from 36 feet of the core; 20 samples of the Wyoming
(WB) core were chosen from 332 feet of the core; 25 samples of the Utah core
were chosen from 77 feet of the core; and 15 samples of the Xentucky core



‘'were chosen from 56 -feet.of .
‘f. the core.® : .

Fischer Assay, Organi.c*Carbon;k
and Hydrocgen Analyses

The modified Fischer

assay method was used:for esti-

- mating the recoverable shale
oil from the o0il shale samples
(9). The method also gives.
the water yield from the oil .
shales that is important in.
another phase of this report. -
The results from these apaly-
.ses are reported in gallons
per ton of o0il shale.

'The organic carbon con-
tents of the cil shale samples
were determined by a combustion-
tube method (11). This method
involves. total combustion of a
weighed sample of oil shale,
we’ghing the carbon dioxide
and water combustion products,

1
20 o0 20 I and calculating orgamic carbon
and total hydrogen as to .
Scale, miles H th‘nnd Junction weight-percent of the oil
LEGEND I shale sample.
@ Conehoie DR .
! cotorade In the present work, it
Z Wyoming (GRB) was necessary to estj,mate the
3 Wyoming {wB) ’ quantity of organic hydrogen
4 uter " present. Hydrogen chemically

.'.combined .with the organic car-

FIGURE 1. - Geographice! Location of the Four Green  bon in oil shales is difficult

River Formrtion Qil Shales. Studied. ___to determine because the rotal

- hydrozen content is calculated

from the weight of water produced from combustion of an oil shale sample. Free
water in the oil shale and also lattice water of crystallization in mimerals
present in the oil shale are also weighed in the water absorbent; therefore,

the organic hydrogen was estimated by mezking a correction for the mineral water

and free water in the 0il shales. To do this, the Fischer assay water yield '

was assumed to originate from mineral water and free water. This correction -
is not entirely correct because some mineral water is obtained at much higher

temperatures than at the Fischer assay temperature. As a.first approximation,
oxganic hydrogen comtents of the oil shales were estimated by converting the

SDescriptions of the oil shales imcluding Fischer . assay oil yields, orgamnic
carbon contents, and sample depthe may be found in appendixes A and B.



Pischer assay waterjyields to weight-percent hydrogen and subtracting this
figure from the to 1 hydrogen from the combustion analysis.®

N Preparation of NMR Samples

S801id samples usually are very finely divided tec approximate a random
distribution of molecular orientations before placing the sample in the NMR
probe. In the present work, each ¢il shale sample was prepared for MMR analy-
sis by grinding it to yield powdered oil shale with the following approximzte
sieve analysis:

Wt-pct of
Mesh size” sample
Minus 80 plus 100... 3
Minus 100 plus 200... 30
Minus 200 plus 325... 46
Minus 325.cevrascncss 21

Each 7- to 8-g oil shale sample was air-dried and then poured into a
4~ by 1/2-inch precision-bore test tube. The sample tube was then tapped
until the shale sample would settle no further. The oil shale samples, packed
in this way, had packed densities of about 1.0tol.5 g/cm®. The sample in the
tube completely occupied the sensitive volume of the NMR probe.

Instrumentation

The broad-line NMR spectrometer used in this work was a Varian V-4200B
unit® utilizing a 15-inch Varian magnet with a Varian Fieldral Mark III regu-
lator, a Varian Model 42104, 2- to l6-megahertz (MHz) RF unit; appropriate
sweep and detection electronics; a Variac F-80 X-Y recorder, and a Varian
V4230B, 8~ to 16-MHz probe. A Leeds and Northrup Speedomax &, 0- to 5-mv
recorder fitted with a digital integrator {Instron Corp., Quincy, Mass.) was
electrically connected to the spectrometer output to give the area under the
NMR curves.

Measurement of NMR Signal Strengths

NMR spectra were obtained on the various oil shales for two purposes:
(1) To determine the location and number of resonance peaks, and (2) to use
the absorption peak corresponding to the organic protons for signal strength
and oil-yield correlations. For the first purpose, three probes were used
having ranges of 2 to 4 MHz, 4 to 8 MHz, and 8 to 16 MHz. For the second
purpose, an 8- to l6-MHz probe was used

®Data from the tables in appendixes A and B were used to perform these
caiculations.

7Plus indicates that the sample is retained by that screen. Minus indicates
that the sample passes through the screen. The mesh sizes are those desig-
nated by the U.S. Standard Sieve Series.

®Reference to specific brand names is made for identification purposes omly
and does not imply endorsement by the Bureau of Mines.



A typical set of conditions for measuring NMR signal areas for the correla-
tion work follows., A sample tube containing an oil shale sample was centered
in the 8- to 16-MHz probe and placed between the pole faces of the NMR spec-
cremeter. The magnetic field, which had been on for several hours, stabilized
at 2.320 kilogauss. The RF unit was turned om and set at a frequency of
10.003 MHz, and the RF field stremgth was adjusted to a fixed value. The saw-
tooth modulation unit was adjusted t6 a frequency of 40 hertz, phasing of 1.7,
and field strength of 6.3 x 100, which corresponds to approximately 2.4 gauss.,
The output control unit was set at a signal level dependent on signal strength,
filter at 40, reference phase 3.8, response 3, and balance at 5.2. The steady-
state magnetic field was then- swept through 50 gauss centered at 2.320 kilo-
gauss in a sweep time of 2.5 min. The paddles of the probe were adjusted to
give either the first derivative of the absorption mode or the first derivative
of dispersion mode signal. The imstrument was adjusted so that the richest
oil shale sample gave a peak of almost ‘full scale on the recorder chart paper.
The Instron integrator recorded the positive area of ‘the first derivative of
the dispersion mode curve (a base line was chosen that eliminated two negative
area components of the first derivative curve from the total area). All oil
shale samples in 2 set were run using constant instrument operating conditions.
The areas under the broad-line signal of the absorption mode were recorded.

Three correlation runs were made. In run I the paddles of the NMR probe
were adjusted te give the first derivative of the absorption mode signal., In
this case, the areas under the curve were cbtained by counting squares under
both the positive and negative areas of the plot on the chart paper. Figure 2
shows an example of this absorption mode NMR signal for the 26.1 gal/ton
Colorado 0il shale samples. The total area was obtained from the sum of the
positive and negative areas between points A and B as shown in the figure,

The paddles of the NMR probe were adjusted ro give the first derivacive
of the dispersiom mode in runs II and III. Figure 3 shows an example of this
dispersion mode signal for the 26.1 gal/ton Colorado oil shale sampuie.

Areas for rums IT and III were obtained using the electronic integrator
and were obtained only of the positive area of the first derivative of the dis-
persion mode curve (area between points A and B om fig. 3).

The NMR signal arveas were expressed as either integrator counts or as
"'square counts" and were different in each of the three runs owing to changes
in integrator constants. These three sets of areas were used to test the
repeatability of linear regression correlations of the data.

Tests for Interferences

The three NMR probes described previously were used to determine the loga-
tion and number of resonance peaks. In the entire sweep field examined, oaly
one peak was foumd--an absorption peak corresponding to that expected for
organic protons.

The nuclear magnetic resonance conditions were set to obtain the proton
resonances of the organic protoms inm the oil shale samples; therefore, it was
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necessary to prove that the signal measured was due primarily to organic pro-
tons, One experiment was performed with a set of oil shale samples having a
relatively high concentration of nahcdlite (NaHCO,), dawsonite [NaAl(0d),C0,],
and illite {(a complex mimeral substance containing 4-1/2 to 6 percent water as
lattice hydroxyl groups). The experiment showed that the inorganic-associlated
protons did not interfere in amy significant way with the organic-associated
proton rescnance that would invalidate the Fischer assay and organic carbon
correlations wirth MMR signal-strength, :

In a second experiment’, designed to test for the ipnterference of free
water, three samples of each oil shale were placed in a sealed chamber contain-
ing pans of water, TIhé oil shale samples were allowed to remain in this cham-
ber (75 percent’relarive humidity) for 48 hours. The samples were found to-!
absorb from 2 to 5 weight-percent of water in that time. Each wet shale sam-
ple was placed in one of the test tubes, the MMR signal area was measured and
then compared with the signal srea of the ;sample before wetting. The data
showed that the water proton did contribure tothe NMR signal strength measured
for the organic protons. However, air-drying the sample at room ‘temperature
for about 2 hours proved an easy way to avoid this interference caused by free
water in the Fischer assay and organic carbom content correlation work.

The conrributions te the total NMMR signal area due to inmorganic-associated
or free-water protons are small and the signal is broad and relatively con-
stant. In the work to estimate the hydrogen seasitivities, a correction was

made’ for these signals using data from the Fischer assay water yields of the
oil shale samples.

‘Treatment of Da.ta

The mathematical relationships be:ween five pairs of data were estab-
lished in this study.

1. Fischer assay oil yield (gal/ton) and organic carbon (wt-pect).
2. Organic hydrogen (wt-pct) and organic carbon (wt-pct),

3. Fischer assay oil yield (gal/ton) and NMR signal area.

4. Orgunic carbon (wt-pct) and XMR signal area.
5.. Organic hydrogen (wt-pct) and NMR signal area.

A curve-fitting computer program was used to test the fit of the pairs of data
to six common linear and nonlinear regression equatioms.

A second computer program was used to fit the pairs of data to a least-
‘squares straight line and to- compute- other statiscical parameters of the pairs
of data. The second computer program also provided statistical data om the
"goodness-of-fit" of the pairs of data to the least-squares straight lime.

The parameter used in this study as the measure of fit is the index-of deter-
mination [or coefficient of determination (the commercial time-sharing



computer program lists this coefficient as the "index of determination"}],
which is the square of the correlation coefficient (3). This index has the
properties that a perfect fit of the pairs of data to the straight line exists
when the index of determination equals one, An index of determimation of zero
means that no linear funcrional relationship exists.

The regression analyses in some cases were performed on the pairs of data
to yield least-squares parameters for two relationships of the pairs of data.
For example, in one instance the regression analysis was performed using
Fischer assay o©il yield as the independent variable and the NMR signal area as
the dependent wvariable, but in the second instance the relationships were
reversed.

RESTULTS

Regression Analyses

A curve-fitting computer program was used ta find which of six common
linear and nonlinear regression equations best represented the pairs of data.
A1l of the pairs of data were found to f£it a simple straight line of the form:

Y = AX + B,
where A is the slope and B is the intercept in the expression.

A second computer program was used to perform a linear regression analy-
sis on the various pairs of data for each of the oil shales. The computer
program provided the least-squares slopes and intercepts for the pairs of data
along with the 95-percent confidence limits for these payameters. The program
also provided the correlation coeffjcient and the index of determination as a
test of the '""goodness-of-fit" of the pairs of data (3). The index of determi-
nation (which is the square of the correlation coefficient) was used in the
discussion that follows because it is a more sensitive test-of-fit than is the
correlation coefficient.

Relationship of Fischer Assay 0il Yields
to Organic Carbon Contents

A linear regression analysis was performed using Fischer assay oil yields
(gal/ton} as the dependent variable and organic carboa (wt-pet) as the inde-
pendent wvariable. This analysis was performed for two reasons: (1) To com-
pare the relatiomships between Fischer assay oil yield and orgamic carbon
content for the five oil shales as shown by values for the slopes (A), and
(2) to serve as a basis for accepting or rejecting data values in the NMR work.
In this latter case, values of Fischer assay oil vield and organic carbon con-
tents were not used in the NMR correlations when they were over three standard
deviations away from the least-squares regression line.

Figures 4 to 8 show plots of Fischer assay oil yield (gal/ton) against
organic carbon contents (wt-pct) for the five oil shales studied. The figures
show that the data for the five oil shales all give excellent linear
correlations,
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The regression equa-
tion parameters and the

- indexes. of determination

for the five plois .are
given in table 1. The four
Green River Formatiom oil
shales are all quite simi-

- lar as showm im table 1 by

the values for the slopes
(a), which are the rela-
ticaships of potential eil
ields to organic carbon
contents of the oil shales.
The regression of Fischer
assay oil yield against
organic carbon for the
Colorade oil shale has am
intercept of -3.7 gal/ton.
An explanation for this
negative value may be the
large amount of gas plus
loss cbtained in the
Fischer assay on this oil
shale, The gas plus igcss
for the Colorado 0il shale

~-is nearly four times as

wmich as for the other four
oil sheles (tables A-1 to
A-5, appendix A),

The slope of ©.58 fer
Rentucky oil shale shows
that the Kentucky oil shale
yields less than one-half
as much Fischer assay oil
per unit of ‘erganic carbon
as the Green River Forma=-
tion oil shales whose
slopes are in the range
2.14 to 2.39. The cil
cbrained from the Fischer
assay of Kentucky oil shale
also has a higher specific
gravity (~0.96) compared to
the specific gravity of oil

from the Green River Formarion oil shales (specific gravity ~0.92).
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TABLE 1. - Regression equation parameters and the indexes of determinstion

for Fischer assay oil vield as a function of organic

carbon contents for five oil shales*

0il shale A° B Index of
: determination
ColoTad0, cnuncanoresnsnenvanes | 2,3950.18 =3.7 G.95
Wyomizg (GRB)ecrescencecasancn 2,18+ .21 b .97
‘;\“ymg m)nolt.-o.-co.loool- 2-14: +11 ‘1.4 .99
Utaheonsesnscoenarseserensesse | 2,265 .10 2 .99
KentueKY .o cacnocosacasascasns 1 .98c .14 R4 95

*The slopes (A) and the intercapts (B) are for the relationship:

Fischer assay, gal/ton = A x (organic carbon, wt-pct) + B,

ZThe limits shown are the 95-percent confidence limits of each slope.
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Relationship ¢f MMR Sipgnal Strenpthe to Fischer Assay Qil Yields
and Organic Carbon Contents

Linear regression analyses were performed to establish the relationships
of Fischer assay o0il yields and organic carbon centents with NMR signal areas
for all of the five oil shales. Figures 9 and 10 show representative plots
of the two pairs of data for the Utah oil shale. The figures show plots of
Fischer assay oil yield and organic carbon contents versus NMR signal areas
from run III. These representative plots show that good straight-line corre-
lations were obrained. The correlations for the four other oil shales were as
good as those for the Utah oil shale.

The results of the regression amalysis for the Fischer assay oil yields
and organic carbon contents against NMR signal area are given in table 2. The
table lists the slopes (A) amd the intercepts (B) of the least-squares regres-
sion lines together with the indexes of determination for the test of “goodness-
of-fit" of the data for run ITI. Again, the similarities of the four Green
River Formation oil shales can be seen from the similar slopes (A) for these
oil shales.

The value for the slope of organic carbon versus area for the Kentucky
oil shale is different from the four Creen River oil shales indicating that
the hydrogen~to-carbon ratio for this oil shale is different than for the
Green River Formationm oil shales.

50 T T —— — T ] —T T T
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FIGURE 9. - Fischer Assay Oil Yield Versus NMR Signal Area for Utah Oil Shale.
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TAELE 2., - Regression equation parameters and the indexes of determination
for Fischer assay o0il vields and organic carbon contents as
a function of NMR signal arez for five oil shales?

Fischer assay Index of Organic carbon Index of
0il shale versus area |determination | versus area derermination
A B A B
ColoradCeceasan.. | 0.058]| 0.7 0.96 0.023 | 2.27 0.95
Wyoming (GRB)-ooo 0053 1.7 192 002 .67 090
Wyoming (WB)esess 045 | =4.7 97 021 | -1.51 .98
Utdleseesenssnass .054 | =1.9 .99 024 | -.56 .99
KentuckYeeeeooose 043 | 5.1 .95 040 | =4.71 .98

1The data listed in this table are the parameters calculated for run IIT. The
dependent variable, ¥, in the straight-line equation, Y = AX + B, is the
Fischer assay oil yield (gal/ton) or the organic carbom content (wt-pct).
The independent variable, X, is the broad-line NMR signal area.

Table 3 lists the indexes of determination cbtained from the linear
regression analysis of the Fischer assay oil yield versus arez and the organic
carbon versus area for the five o0il shales., The table lists the indexes for
three runs on the oil shales. These three runs were made to test the repeat-
abilicy of the correlations between the twe pairs of data using different
instrument operators and recording first derivatives of either absorption or

25 T T T T T T T T H
Q
Index of determingtion =0,9%
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2
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FIGURE 10. - Organic Carbon Content Versus NMR Signa! Area for Utah Qil Shale,
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dispersion curves, Table 3 shows that nearly the same correlations of the
data points were obtained from the various pairs of data for the three runms.

TABLE 3. - Repeatability of linear regressions for five oil shales
: as shown by the index of determination

0il shale Fischer assay versus area | Organic carbon versus area _

Run I' JRun 13- | Run III° |Run I' | Rum II° | Rum IIL-
Coloradoseessresnsrs | 0.95 0.98 0.96 0.97 0.98" 0.95
Wyoming (CRB)ececerw .9 .86 .92 .96 .93 .90
Wyoming (WB)eeoww- . - - .97 - - 98
Utaheeeseecococnanan .97 .97 .99 .96 .97 .99
KErltuCkY|on-n....onc 239 .95 .95 lg]_._r .97 .98

TUsing NMR signal strength integrated from counting squares under the first
derivative of the absorption made curve.

2Using MMR signal strengths integrared from under the posirive area under the
first derivative of the dispersion curve using an electronic integrator.

Relationship of NMR Signal Strengths to Organic Hydrogen Contents

The underlying principle of the NMR analysis work is thar the NMR signal
strength is proportiomal to the quantity of total hydrogen present in the oil
shales. A limear regression analysis was performed on the NMR signal areas
from run I1lL and the quantity of organic hydrogen present in each oil shale
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sample, As already mentioned in the experimental section, the actual quantity
of hydrogen chemically combined to organic carbon in the c¢il shales is diffi-
cult to determine., A correctior (as shown in the experimental section) was
applied to estimate the quantity of organic hydrogen, and then the packed den-
sities of the o0il shales in the WMR sample tubes were used to correct for the
weight of hydrogen in the effective volume of the KMR probe.

&4 linear regression analysis was performed using corrected NMR signal
areas and organic hydrogen values.® TFigure 11 shows a typical plot of the
results for one of the oil shales. A good linear correlation was obtained as
shown in the figure. The correlations for the other oil shales were as good
as the one showm,

The regression equatiom parameters for the WMR signal areas as a function
of organic hydrogen for the five oil shales are given in table 4. The table
shows (as shown by values of the slopes A) that the NMR sensitivity for hydro-
gen was nearly the same for the five o0il shales. Refinement of the method
should yield hydrogen sensitivities that more closely approach the excepted
equality.

TABLE 4. -~ Regression equation parameters and 95 ~percent confidence
limits for NMR signal areas as a function of organic
hydrogen for five oil shales!

0il shale Al x 107° Bt Index of
. : determination
ColoradO-ooo Crasssrnene 25.0i2.9 «158 0.98
Wyoming (CRB)eecvornans | 25.724,2 -51 .93
Wyowing (WB)eeecacesees ) 29.1£1.3 ~34 .99
Utah.a-.Q..-cn.co.oncoo 29.51’2.0 -64 .98
Kentucky¥sesoesaavessses | 24.852.7 8 .97

IThe slopes (A) and the intercepts (B) are for the relarionship:
NMR signzl area = A X (organic hydrogen, g/cm®) + B.

Determination of Average Atomic Hydrogen-~to-Carbon Ratios
for the Five Qil Shales

A study was made of the relationship of organic hydrogen to organic car-
bon of the samples of the five oil shales to support the NMR data. Accordingly,
linear regression amalyses were made between weight-percent organic hydrogen
and weight-percent organic carbon.'® The slopes (A) from these analyses were
multiplied by 12 (the atomic weight of carbon) to give the average atomic
hydrogen-to-carbon ratios for the five oil shales. The results are given in
table 5,

®Data in appendixes A, B, and C were used to derive values for the regression
analysis. )

19The values for organic hydrogen and organic carbon used in these regression
analyses are from tables C-1 to C~5 in appendix C.
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TABLE 5. - Regression equation parameters and indexes of determination for
organic hydrogen as a function of organic carbon for five
0il shales and atomic hydregen-to-carbon ratios derived .
from the slopes A

0il shale A B Index of H/C,
determination atomicl
Coleradoeeveeeevewa- 1 0.141£0.015 0.02 - 0.980 1.69+0.18
Wyoming (GRB)...esss | o130z .009 ) L+ 986 1.56% .11
Wyoming (WB}eeseeows | -124% 006 .14 -991 1 l.49x .07
i} -1 TR [ 125z .003 .12 .929%7 1.50 .04
Kentucky...oovoone »o. | 084+ .008 28 .976 1.0l ,10.

lobtained by multiplying the siopes A by 12, the atomic weight of carbon,

The regression of organic hydrogen against organic carbon gave excellent
straight lines as shown by high values of the index of determination (0.98 to
0.99), This regression shows that the atomic H/C ratic for all of the oil
shale in each particular core is remarkably comstant. It is the comstancy of
this relationship of organic hydrogen to orgamic carbon for each of the five
oil shales that allows the use of broad-line NMR specirometry for the appli-
cation presented in this report.

DISCUSSION OF RESULTS

Application of the NMR_MEphod

The present work is sufficient to apply to practical oil shale analysis
problems without extensive independent calibration work.. The application$ can
give good estimates of the guantities mentioned above. . More extensive cali-
bration (that is, the detemmination of absolute sensitivities) will give more
acrurate values, : .

As an example, two different sets of oil shale samples were selected to
illustrate rhe use of this NMR method. Twelwve Colorado oil shale samples and
eight Wyoming (WB) samples were used. Both sets of samples were taken from
the same cores that had been used to establish the linesar regression parameters.

The NMR signal areas of the samples were obtained during run ITI. The
linear regression parameters listaed in table 2 were used to calculate the
Fischer assay oil yields and the organic carbon contents from these NMR areas.
The calculated results from the NMR method together with the oil yields by
Fischer assay, and the organic carbon contents by the combustion method. are
listed in tables § to 9. The tables also list the difference between the
values calculated by the NMR method and the values obtainmed from Fischer assay
and organic carbon by the combustioun method.,

The NMR method is not independent of the Fischer assay and combustion
organic carbon methods because the latter two methods are used to establish the
correlations with broad-line NMR signal strengths. Therefore, the oil yields
and organic carbon contents calculated by NMR and listed in tables 6 to 9
indicate the amount of spread that may be cbtained im estimations of the
sought values by the NMR method when compared with the standard mechods.  The



NMR method gives values that compare faverably with those used to obtain the
correlations.

TABLE 6. ~ Comparison of oil yields for 12 samples
of Colorado oil shale determined by
the Fischer assay method ané by the

broad-line NMR method (gal/ton)

- 0il vield
Fischer assay method NMR method? Difference
- 7.2 8.7 1.5
11.6 11.1 .3
11.8 12.4 N
15.8 17.0 1.2
22.1 19.9 2.2
23.9 25.6 1.7
24,5 26.4 1.9
26.1 25.0 l.1l
27 .4 23.9 3.5
32.3 34,8 2.5
35.9 35,2 .7
36.9 30.5 6.4
1The cil yields were calculated from the
relationship:
0il vield,

galfton = 0.058 X (MR signal area) + 0.7.

TABLE 7. - Comparison of organic carbon contents
fer 12 samples of Colorado oil shale
determined by the combustion
method and by the broad-line
NMR method (wt=-pct)

Organic carbon

Combustion method MMR methodr Difference
5.2 5.5 0.3
6.7 6.4 3
6.1 6.9 .8
7.8 8.8 1.0

10.2 9.9 .3
11.8 12.2 ok
12.5 12,5 .0
11.7 11.9 .2
13.1 11.5 1.6
15.3 15.8 .5
16.6 16.0 .6
16.9 14.1 2,8

1The organic carbon contents were calculated
from the relationship:

Organic carbon,

(MR signal
wt-pet = 0.023 x

area) + 2.3.
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TABLE 8. - Comparison of oil yields for eight samples
of Wyoming (WB) o0il shale determined by
the Fischer assay method and by the
broad-line NMR method (gal/ton)

0il yiele ,
Fischer assay method NMR method! Cifference
5.8 9.5 3.7
6.9 9.5 2.6 -
10.3 11.5 L.0
15.0 12.9 2.1
16.8 15.7 1.1
26.8 25.1 1.7
30.2 30.9 .7
42.7 41.8 .8
IThe o0il yields were calculated from the .
relationship: '

Cii yield, _ . -4

galiton = 0.045 x (NMR signal area) Ny

TABLE 9., - Comparison of organic carbon contents for
eight samples of Wyoming (WB) o0il shale
determined by the combustion method and
by the broad-line NMR method (wt-pct)

Organic carbon

Combustion method NMR method* Difference
3.7 S.1 L.4
4.1 3.1 1.0
5.6 6.1 .5
8.0 6.7 1.3
8.2 8.0 2
13.2 12 .4 .B
14.9 15.1 .2
20.8 20.3 .5

1The orgamic carbon contents were calculated from
the relationship:

Organic carben,

(MR signal
whepot = 0.021 x -

area) 1.5,

The closer agreement of the NMR results with Fischer assay results for
the Wyoming {(WB) oil shale than for the Colorado oil shale is directly related
to the better correlation curves obtained for the Wyoming (WB} oil shale than
for the Colorado oil shale.

Tire broad=lime NMR method can be used to estimate the oil yields and the
organic carbon contents many times faster than the comventional methods, thus
effecrively supplementing the standard methods in a future oil shale industry
where many samples will need to be assayed per day.
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Summary of the NMR Method

The broad-line NMR instrument used in these experiments was adjusted to
observe the proton resonance of the organiec material of the oil shale samples.
The purpose of the study was to seek a correlation between the proton signal
srrength and the Fischer assay oil yields and the organic carbon contents of
the oil shales. GDecause the proton signal strength was measured, it was neces-
sary for the proton concentration to be related in some definable way to the
Fischer assay oil yields and the organic carbon contents of the o0il shales for
the MMR technique to be useful in estimaring the oil yields and organic carbon
contents. Another requirement was that the inorganic protons and water pro-
tons be ncninterfering in the method. For the correlations to be useful, it
was also mecessary for the NMR signal strength to be independent of the depth
of the oil shales studied and the area of an oil shale deposit under
development.

For the purposes of this study, five oil shales were chosen from five
different geographic locations. The samples within each of the five sets were
selected to include a range of 0il yields, organic carbon contents, and depths.

The experiments gave the following results. The broad=-line NMR signal
strengths correlated well (indexes of determination all better than 0.90) with
the Fischer assay o0il yields and the organic carbon contents of the five oil
shales. The inorganic protons present in the samples did not interfere in the
analyses. Free water protons, though interfering with the organic proton NMR
signal, were effectively removed by air-drying the oil shale samples for
2 hours at room temperature. The data for these oil chales correlated equally
well for samples of oil shale from 821 feet of the Colorado oil shale, 36 feet
of the Wyoming (GRB) oil shale, 332 feet of the Wyoming (WB) oil shale,

77 feet of the Utah oil shale, and 56 feet of the Kentucky oil shale. It was
observed that the correlarions were repeatable at time intervals involving
several months, use of different instrument operators, and integration of NMR
strengths by integration of the first derivatives of either the absorption or
of the dispersion mode. These correlations are sufficient to allow the use of
wide-line NMR spectrometry for rapid estimation of the potential oil yields
and the organic carbon contents of the five oil shales of this study.

Different NMR correlations were obtained for the five o0il shales. - That
is, least-squares lines of different slopes and intercepts were cbtained for
the five oil shales studied., Because different correlations were obtained, it
is importamt to obtain calibration -data for application te 2 specific il
shale area under commercial development. Once calibrations are made, many oil
shale samples can be assayed per unit time to estimare potential oil vields
and organic carbom conteats. The experimental data indicate that calibration
curves need be determined but once for a limited area under development.

The correlation parameters for cores of oil shales from the (reen River
Formation nearly 100 miles apart are similar. The similarities of these Green
River Formation samples indicate that im the much smaller area that would be
involved in a commercial development, one calibration would probably serve for
that limited area. Sufficient cores were not examined to fully test this
postulate.
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The NMR method shows possible utility in determinicg atomic hydrogen-to-
carbon ratios of various oil shales. The present work {columm 2, zable 4)
shows that NMR values obtained for the semnsitivities of organic hydrogen of
the five o0il shales were nearly the same. Refinement of the method should
yield hydrogen sensitivities that more closely approach the expected equality.
This refinement of the research work should lead to absolute sensitivities for
hydrogen that can be related to any oil shale. When this ie .accomplished -one:
should be able to make only ome calibratiom run (imvelving independent analy-
ses) and then apply only broad-line NMR spectrometry to the estimatiom of
potential oil yields, organic carbon contents, organic hydrogen contents, and
atomic hydrogen-to-carbon ratxos. ‘ .

NEED FOR FURTHER STUDY

The present research has shown that broad-line NMR spectrometry can be
used tc advantage in oil-yield estimation of oil shales, In the present work,
it was necessary to make calibrations for each oil shale studied. The indica-
tions were that the sensitivity of the NMR instrument for hydrogen was nearly.
constant, but.the research results included scurces of error that should be:
sought in a future study. The present research should serve as a basis for
extended research that will seek the fundamental quantitative factors respon-
sible for the NMR technique. Also, broad-line NMR spectrometry should be
employed to distinguish different proton enviromments in oil shale kerogen.
This proton envirommental characterization could give some insight inteo kero-
gen structural features that cculd be used to predict the nature of the shale
oil formed from the kerogen. The future research should improve the broad-
line NMR method to the point of beimg universally applicable to all oil shales
without the need for extensive calibrations in oil-yield estimation work, and
also will provide kercgen structure information.
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APPENDIX A.-~FISCHER ASSAY DATA FOR FIVE OIL SHALES

Tables A-1 to A-5 in this appendix list the results obtained from Fischer
The tables list the sample num-
bers of the various oil shales together with the Fischer assay oil and water
yields in gallons per tonr of oil shale; material balance as shown by gas plus
loss of sample during the Fischer assay; the specific gravity of the shale oil

assay on the five o0il shales of this srudy.

produced; and the depth in feet of the sample in the core,

TABLE A-1l. -~ Fischer assay data for samples of Colorado oil shale

Sample No. |[ Yields, gal/ton |Gas and loss, oil, Sample depth,
Oil Water wt=pct specific gravity £t
SBR=68-249X ] 24.5 2.3 6.5 0.92 1,900-1,910
SBR-68-251X| 15.8 2.2 4.3 91 1,920-1,930
SBR-68-255X | 18.9 7.4 10.2 .90 1,959-1,970
SBR-68-256X | 22.1 5.8 8.0 .90 1,970-1,980
SBR-68-261X | 32.3 2.0 6.4 -90 2,021-2,031
SBR-66-268X | 26.1 4.1 7.5 +90 2,089-2,100
SBR-68-272X | 1l.6 10.5 16.3 <91 2,129-2,133
SBR-68-278X 7.2 11.0 13.7 .90 2,175%-2,191
SBR-68-282X 11.8 9.6 12.5 .91 2,219-2,231
SBR-68-301X [ 36.9 9.1 13.7 .91 2,411-2,422
SBR-68~304X | 27.4 8.0 .6 .92 2,440-2,449
SBR-68-317X | 23.9 8.1 13.8 .91 2,570-2,581
SBR-68-331X | 35.9 2.4 4.8 .90 2,712-2,721

TABLE A-2, - Fischer assay data for samples of Wyoming (GRB) oil shale

Sample No. | Yields, gal/ton | Gas and loss, 0il, Sample depth,
il Water wt=pct specific gravity ft

SER-67-7539( 23.0 1.4 2.9 0.91 3,170.3-3,171.5
SBR-67-7541] 25.3 1.9 3.0 91 3,171.5-3,172.86
SBR=-67-7542 | 25,3 1.9 1.8 .22 3,172.6-3,174.0
SBR-67-7545 | 19.1 1.9 1.3 .93 3,175.6-3,176.6
SBR-67-7547 { 2B8.0 2.5 2.8 .91 3,177.6-3,178.1
SBR-67-7551 18.0 1.2 2.3 91 3,180.5~3,18L.7
SBR-67-7553 15.3 1.1 2.4 .92 3,182,8-3,183.3
SBR-67-7555 8.8 1.9 1.2 .92 3,183.9-3,185.0
SBR-67-7557 17.9 2.2 2.1 .92 3,186.0-3,187.0
SBR-67-7561 9.9 .8 .7 .89 3,189.5-3,190.0
SBR-67-7562 16.2 1.7 1.6 .90 3,190.0-3,190.9
SBR-67-7567 35.9 2.6 3.6 .92 3,193.9-3,194.9
SBR-67-75681 30.5 3.4 " 3.6 .92 3,194.9-3,195.6
SBR-67-7570 11.7 3.2 2.5 .90 3,196.1-3,196.7
SBR~67-7575 27.3 1.7 2.2 .93 3,200.2-3,201.3
SBR-67-7578 | 29.0 3.4 2.3 .92 3,203.4-3,204.6
SBR-67-7580 | 26.5 3.7 2.3 .92 3,205.0-3,206.0
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TABLE A-3. = Fischer assay data for samples of Wyoming (WB) oil shale

Sample No. | Yieids, gal/ton |Gas and loss, 0il, Sample depth,
0il Water wt=pct specific gravity fr
SBR-69-2413 8.1 7.2 1.6 0.952 320-321
SBR-69=2417 ] 41.2 5.3 4.8 <94 3242325
SER-69-2418 | 36.2 5.5 3.9 «94 325-326
SBR=65=2419 38.2 6.5 4.3 <94 326-327
SBR-69-2423 9.1 6.5 1.8 .91 330-331
SBR-69=2427 7.7 4.3 2.9 .93 334-335
SBR-69-2430| 10.2 3.5 3.5 .93 337-338
SBR=69=2431 5.1 4.4 2.4 .92 338-33%
SBR-69-2447 19.4 4,8 2.6 .91 355-357
SBR-69-2448 | 40.0 6.5 3.8 .93 357-358
SBR~-69-2449| 35.5 5.8 3.4 .93 358-360
SBR-69~2450 16.8 &.3 2.3 .90 360-361
SBR-69-2452 | 25.8 4.8 3.6 .91 362-363
SBR-69-2453 | 22.7 3.4 3.8 .91 363-365
SBR-69-2456 15.6 3.4 3.1 .91 368-370
SBR-62-2516 2.0 5.0 «9 - 433434
SBR-659-2521 0 5.3 2 - 448-452
SBR-69-2534 3.0 3.4 1.4 4£93-495
SBR-69-2662 (o} 3.7 1.0 650-652
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TABLE A-4. - Fischer assay datz for samples of Utzah o©il shale

Sample No. | Yields, gal/ton [ Gas and loss, , 0il, i Sample depth,
Dil Water wt-pct specific pravity fr
SBR-69-7163 | 18.6 0.7 1.5 0.91 2,268-2,269
SBR-69-7164 | Ll.4& 1.3 1.5 +92 2,269-2,270
SBR-69-7165 | 34.2 1.3 2.1 .91 2,270-2,271
SBR-69-7166 20.8 ) 1.5 .92 2,271-2,272
SBR-69-7169 | 13.9 .7 .8 .91 2,273-2,274
SBR-69-7172 | 28.6 ) 1.7 .92 2,276-2,277
SBR-69-7174 | 42,7 1.0 3.3 .91 2,278-2,279
SBR-69-7175 | 38.5 A 2.3 .90 2,279-2,280
SBR-69-7176 | 22.6 4 2.2 .90 2,280-2,281
SBR-69=7178 | 15.8 o 1.5 .92 2,282-2,283
SBR-69-7183 | 10.5 o7 1.3 .91 2,287-2,288
SBR-69-7192 | 24.0 .1 1.8 .90 2,296-2,297
SBR-69-7194 | 17.7 WL 1.8 .90 2,298-2,299
SBR-69-7195 | 30.5 .5 2.2 .90 %,299-2,300
SBR-69-7198 | 495.8 .8 3.7 +90 2,305-2,306
SBR-69-7201 | 27.6 .1 1.4 .89 2,317-2,318
SBR-69-7205 | 29.7 1.0 1.3 .92 2,321-2,322
SBR~69-7210 39.7 .8 2.0 .90 2,326-2,327
SBR-69-7211 | 35.7 A 1.8 .89 2,327-2,328
SBR-69-7213 | 31.8 .6 2.2 .90 2,329-2,330
SBR-69-7214 [ 26.0 1.1 2.5 .90 2,330-2,331
SBR-69-7217 ! 19.0 5 2.5 .92 2,333-2,334
SBR-69-7220 5.2 .8 4 .92 2,336-2,337
SBR-69-7222 7.8 1.1 1.5 90 2,338-2,339
SBR-69-7225 | 10.6 .2 1.5 .92 2,345-2,345
TABLE A-5, - Fischer assay data for samples of Kentucky oil shzle
Sample No. | Yields, gal/ton | Gas and loss, 0il, Sample depth,
0il Water wt-pct specific gravity fr

SBR-67-4359 | 12.7 5.0 3.5 0.96 47- 48
SBR~67-4360 16.4 5.3 3.4 .96 48=- 439
SBR-67-4362 | 10.8 545 1.7 »97 50- 51
SBR=-67-4364 8.9 5.3 2.2 .96 52- 53
SBR-67-4367 | 14.6 4.3 LN A »96 353- 56
SBR-67-4370 | 17.3 3.6 4.7 .95 58- 59
SBR-67-4373 11.2 2.6 4.5 .97 61~ 62
SBR-67-4380 9.0 3.6 2,2 .96 68- 69
SBR-67-4382 1 13.3 3.6 2.5 .96 70- 71
SBR-67-4385 8.6 3.2 3.0 .96 73- 74
SBR-67-4388 6.4 3.4 1.8 .95 76~ 77
SBR-67-4389 7.7 3.1 2.3 .96 77- 78
SBR-67-4400 5.4 3.4 1.5 .95 88- 39
SBR-67-4414 1.3 2.3 .8 Est, .92 102~103
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APPENDIX B.--DATA FOR REGRESSION ANALYSIS OF FISCHER ASSAY QIL YIELDS,
ORGANIC CARBON CONTENTS, AND TOTAL HYDROGEN WITH NMMR SIGNAL AREAS
FOR FIVE OTL SHALES

This appendix lists the integrated NMR signal strengths from the three
runs together with the organic carbon and total hydrogen contents of the vari-
ous oil shale samples., The Fischer assay oil yields, organic carbon contents,
and the NMR signal areas from these tables were used in the linear regression
analyses.

The hydrogen content listed in the tables is the total hydrogen from com-
bustion analysis and consists of the organic hydrogen, mineral hydrogen, and
water hydrogen in the oil shale samples.

TABLE B-l. - Fisgcher assay oil vields, organic carbon and total
hydrogen contents, and NMR sienal areas for
samples aof Colorado oil shale

0il yield, Organic carbon, Total hydrogen, NMR signal area
gal/ton wt-pct wt=-pct Run I [ Run IT | Run IIL

7.2 5.22 1.10 307 200 154
11.6 6.73 1.50 489 236 . 156
11.8 6.12 1.38 7 467 247 209
15.8 7.83 1.24 483 287 268
18.9 9,13 1,58 451 231 223
22.1 10.23 1.64 544 327 315
23.9 11.84 2.16 568 356 411
24,5 12.47 1,89 588 387 400
26.1 11.71 1.81 560 379 390
27.4 13,08 . 618 397 429
32.3 15.26 2.26 724 455 562
35.9 16.55 2.41 769 508 588
36.9 16.91 2.80 866 480 506
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TABLE B-2. - Fischer assay oil yields, organic carbon and total
hydrogen contents, and NMR signal areas for
samples of Wyoming (GRB) oil shale

0il yield, Organic carbonm, Total hydrogen, NMR signal area
_gal/ton wt-pct wt=pct Run ‘I {-Run I | Run III
8.8 §.32 0.62 150 154 } 109
9.9 3.82 .62 180: ‘202 S 207
11.7 4.84 .88 339 195 217
15.3 6.86 .98 252 302 231
16.2 6.91 1.09 305 357 339
17.9 7.48 1.12 300 227 262 -
13.0 8.25 1.12 - 308 324 - 345 -
19.1 9.69 1.35 351 355 313
23.0 10.54 . 1.52 483 528 -
25.3 11.04 1.56 450 493 490
23,3 11.61 1.59 471 551 504
26.5 11.34 1.80 456 493 416
27.3 13.27 1.36 - 546" 585 485
28.0 11.97 1.65 447 53¢ 319
29.0 . 12,07 1.85 431 448 432
30.5 13.99 2.00 | - 595 632 549
35.9 15.83 2.22 367 684 -615

TABLE B-3., - Fischer assay oil yields, organic carboa and total
hydrogen contents, and NMR Signal areas for

samples of Wyoming (WB)} o0il shale

Dil yield, Organic carboan, Total hydrogen, .- NMR signal area,
gal/ton wt-pct wt-pct run IIT* .
0 0.20 0.32 80
0 .28 .26 61
2.0 1.80 -1 148
3.0 2.02 .54 127
7.7 5.09 1.00 376
8.1 4.77 .96 339
9.1 5.04 1.08 376
10.2 6.45 1.13 342
10.5 6.06 1.10 387
15.1 6.52 1l.12 395
15.6 8.61 1.34 408
16.8 8.22 1.42 5% )
19.4 9.56 1.52 527
22.7 11.08 1.88 649
25.8 12.08 2.00 700
35.5 16.94 2.46 837
36.2 17.08 ‘242 -885
38.2 19.40 2.81 1,052
40.0 18.06 2,64 204
41.2 20.83 2.90 991

IData for the Wyoming (WB) 0il shale were obtained only in run IiZ.
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TABLE B-4. - Fischer assay cil yields, organic carbon _and total
hydrogen contents, and NMR sienal areas for
samples of Utah oil shale

Total hydrogen,

0il yield, Organic carbon, NMR signal area
gal/ton wt=pct WE-pCL Run T Run 1T Run 11T
5.2 2.56 0.46 108 140 156
7.8 3.60 .60 - 201 175
10.3 4£.61 .76 - 177 207
10.6 4.99 .72 - 274 225
11.4 5.40 .84 196 250 289
13.9 5.94 .92 313 248 294
15.8 6.97 1.03 230 232 236
17.7 7.59 2.28 232 275 302
18.6 8.06 -1.18 355 321 366
19.0 9.31 1.28 399 426 432
20.8 8.10 1.24 348 320 355
22.6 10.24 1.46 387 330 - 429
24.0 - 10.12 1.42 356 365 445
26.0 11.67 1.64 458 448 551
27.6 11.35 1.61 360 425 -
28.6 12.57 1.68 473 505 546
29,7 13.52 1.80 492 564 575
30.5 12.88 1.76 508 491 551
31.8 14,27 1.91 524 566 644
34,2 14.87 2.02 549 570 708
35.7 14.90 1.98 600 650 684
38.5 16.54 2.28 672 620 723
39.7 18.00 2.41 691 705 755
42.7 19.22 2,58 719 806 851
49.8 22.50 2.62 994 895 954

TABLE B-5. « Fischer assay oil vields, organic carbon and total
hydrogen contents, and NMR signal areas for
samples of Kentucky oil shale

011 vieldq, Organic carbon, Total hydrogen, NMR sipgnal area
¢al/ton wt-pct wt-pct Run ¥ fRun II | Run IIT
1.3 1.70 0.56 148 208 207
3.3 3.08 .66 184 198 204
5.4 4.82 .88 168 277 225
6.4 5.65 .88 257 259 268
7.7 7.01 1.10 209 312 321
8.6 7.97 1,10 237 335 323
8.9 9.33 1.24 279 351 339
9.0 8.55 1.16 311 362 329
10.8 11.33 1.42 33 433 330
11.2 12.74 1.55 325 498 411
12.7 14.61 1.66 360 498 408
13.3 11.18 1.43 316 431 395
14.6 14.39 1.64 407 520 488
16.4 16.16 1.86 464 516 Lok
17.3 15.81 1.84 395 548 225
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APPENDIX C.--DATA FOR RECRESSION ANATYSIS OF ORGANIC HYDROGEN WITH:
CORRECTED NMR SIGNAL AREA FROM RUN IIL

The data in this appendix are those derived for the regression analyses using
corrected hydrogen, carbon, ané ¥MR areas. The NMR areas are those corrected from -
run III1. The tables C~1 to C-5 identify c¢il shale samples by the Fischer assay oil
yields. '

The tables alge list the packed demsities of oil shale in the NMR tubes. These
packed densities were obtained by dividing the weight in grams of oil shale in the
NMR tube by the volume of the tube occupied by the 0il shale. The assumprion was
made that the packed density for the oil shale in the MMR prcbe was the same as that
for the entire tube.

Iwo listings for hydrogen are found in the tables. The first, H,,,., was
obtained in the following way: The Fischer assay water yield in gallopos per ton
(columns 3, tables A-1 to A=5) was assumed to have its crigin in mineral water and
free water in the oil shales. The water yield was converted to pounds of hydrogen
per ton of the oil shale. The weight of mineral ané free water hydrogen was then
calcclated as weight-percent hydrcgen and subrracted from rhe rotal hydrogen
(columns 3, tables B-1 to B-5) to yield the hydrogen corrected for water content in
weight -percent.

The relative weights of hydrogen in the MMR prcbe were then calculated by mul-
tiplying the packed demsities (celumns 2, tables C-l to C-5) by the H,,, (columms. 3,
table C-1 to C-5). These weights of hydrogen in the NMR probe ave listed as § ., i»
tables C-1 to C-5.

The relative weights of organic carbomn in the NMR probe were calculated by mul-
tiplying the packed densities by the appropriate organic carbon contents (columms 2,
tables B-l to B«5). These weights of organic carbon are listed as C,., in tables
C-1 te C-5.

The last columns in the tables in this appendix list corrected areas for
run III. This correction assumes that the NMR sensitivities for organic hydrogen
and mineral and free water hydrogen were the same. The NMR signal areas from
run III (tables B-1 to B-2) were multiplied by the ratio H _ /H,,,,, to approximate
the fraction of the NMR areaz due to oxgamic hydrogen.

TABLE C-1. - labkle of data corrected for Fischer assay water yield
and for packed density in the NMR sample tube
for Colorado oil shale

Fischer assay oil [Packed density, | H,.,, 3 Corgs Area
vield, galfton _g/em® wtepet g/c:?'§ 10% |g/ead X 10% e

7.2 1.3 0.62 83 699 87

11.6 1.22 1.06 127 821 108

11,8 1.29 .96 124 789 145

15.8 1.31 1.14 149 1,026 266

18.9 1.11 1.25 139 1,013 176

22.1 1.23 1.38 170 1,258 252

23.9 1.14 1.80 205 | 1,350 | 359

2.5 1.21 1.79 217 1,509 378

26.1 1.2¢ 1.63 196 1,405 351

32.3 1.27 2,17 276 1,938 540

35.9 1.25 2.30 288 2,069 561
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TABLE C-2. =~ Table of data corrected for Fischer assay water yield
and for packed density in the NMR sample tube
for Wyoming (GRB) oil shale

Fischer assay oil |Packed density - F G Area
_yield, galjion glem® v}}t::'-;v::t g/cigr % 10 o/cat % 10 °TF

8.8 C1.26 0.54 68 544 95

$.9 1.34 .58 78 312 125

11.7 1.36 74 i01 658 182

15,3 1.17 293 109 803 219

16.2 1.29 1.02 132 891 319

17.¢9 1.18 1.02 i20 883 238

18.0 1.26 1.07 135 1,040 331

16,1 1.29 1.27 16k 1,250 294

25.3 1.22 1,48 181 1,347 L66

25.3 1.27 1.51 192 1,474 £79

26.5 1.11 1.54 182 1,25¢ 379

27.3 K 1.17 1.79 209 1,553 466

28.0 1.22 1.54 188 1,460 483

29.0 1.12 1,70 190 1,352 397

" 30,5 ' 1.20 1.85 222 1,679 511

35.9 1.17 2.11 247 1,852 584

TABLE C-3. - Table of data correcred for Fischer assay water vield
and for pecked densitv in the NMR sample tube
for Wyoming (WB) oil shale

Fischer assay oil [Packed demsity, | H,,,, re? Coprg> Area, . .
yield, gal/ton g/cm® wt-pct jgfom® X 10f jg/cem® X 10°
Q 1.45 0.09 13 29 22
0 1,46 .10 15 41 23
2.0 1.40 .34 48 252 90
3.0 1.37 .39 53 277 92
7.7 1.27 .81 103 646 . 305
8.1 1.23 -64 79 587 226
9.1 1.27 79 100 640 275
10.2 1.25 1.02 128 806 309
10.5 1.36 -89 121 824 313
15.1 1.23 .93 114 802 328
15.6 1.26 1.19 150 1,102 362
16.8 1.31 1.23 161 1,077 392
18.4 1,28 1.31 - 162 - 1,233 1 454
22,7 1.33 1.73 230 1,474 597
25.8 1.30 1.79 233 1,570 627
35.5 1.23 2,20 271 2,084 748
36,2 1.25 2,18 273 2,135 797
38.2 1.29 2.52 325 2,503 944
40.0 1.24 2.35 291 2,239 805
41,2 1.21 2,67 323 2,520 912
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TABLE C-4. - Iable of data corrected for Fischer assay water yield
and for packed density in rhe NMR sSample tube
for Utah oil shale

Fischer assay oil |Packed density I cE? C Area,
yield, gal/ton zfco® ’ gi-gct g/c:% X 10% glqg§i§’104 e

5.2 1.40 0.42 5% 358 142
7.8 1.46 .55 80 526 160
10.5 1.29 .73 o4 595 199
10.6 1.25 .71 89 624 223
11.4 1.27 .78 99 686 269
13.9 1.37 .89 121 814 235
15.8 1.25 1.01 126 871 231
18.6 1.25 1.15 144 1,008 355
19.0 1.31 1.26 165 1,220 423
20.8 1.20 1.22 146 972 348
22.6 1.18 1.44 170 1,208 425
24.0 1.19 1.42 169 1,204 445
26.0 1.24 1.59 197 1,447 . 534
28,6 1.27 1.65 210 1,596 535
29.7 1.24 1.76 218 1,676 564
30.5 1.25 1.74 218 1,610 345
31.8 1.16 1.88 218 1,655 631
34.2 1.22 1.66 239 1,814 687
35.7 1.20 1.96 235 1,788 677
38.5 1.17 2.26 264 1,935 716
39.7 1.17 2,37 277 2,106 740
42.7 1.22 2.54 310 2,345 834

TABLE C-5. - Table of datra corrected for Fischer assay water vield
and for packed density in the NMR sample tube

for Kentucky oil shale

Fischer assay oil |Packed density » 3 Congs Area
yield, galjzon ¢/cm® ’ Ezigct g/cﬂgr§ 10 glcmgri 10% ST

3.3 1.14 0.49 56 351 151

5.4 1.13 73 82 545 187

6.4 1.16 .73 82 655 222

7.7 1l.10 .96 196 771 237

8.6 1.13 .96 108 901 282

8.9 1.07 1.01 108 998 276

9.0 1.11 1.00 111 949 284

10.8 1.08 1.18 127 1,224 324

11.2 1.09 1.44 157 1,389 382

12,7 .98 1 Liss - 141 1,432 1 354

13.3 1.10 1.27 140 1,230 351

14.8 1.11 1.45 16l 1,597 431

16.4 1.07 1.63 174 1,729 406

17.3 1.07 1.68 180 1,692 479
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