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ABSTRACT

The production of unconventional shale assets depends on an understanding of pore
structure, fluid content and distribution within the reservoir rock. The nanometer scale
pores and range of hydrocarbon types (mobile vs. immobile hydrocarbons) present in
shale reservoirs lead to difficulty in using conventional petrophysical measurements to
produce quantitative values for important parameters such as porosity, fluid content or
saturation. Many existing techniques can be used to characterize these materials, but it
can be useful to combine multiple standard measurements to provide a more quantitative
understanding of rock properties. T1-T; NMR relaxation maps can provide insight into
the fluids present in the shales, and measurements of the total organic content (TOC)
provide an estimate of the amount of organic material. Since the NMR signal in shales is
largely due to the hydrocarbons in place, it is probable that magnetic resonance should
provide a direct probe of the amount and type of hydrocarbon types in a shale sample.
Further clarification can be provided by the addition of thermal analysis methods
combined with mass spectroscopy.

In this work, we present experimental results showing not only a direct correlation
between TOC and T4/T ratio as measured by 2D NMR, but also a frequency dependence
of this relationship. We further correlate these results with compositional data provided
by thermogravimetric analysis with mass spectroscopy (TGA-MS). Our measurements
cover several different shale types and span a wide range of TOC. 2D NMR spectra were
obtained at multiple frequencies on crushed shale samples that were exposed to the key
temperatures indicated in the TGA results. The results helped to correlate compositional
changes to regions of the 2D relaxation maps, potentially providing a method for
determining the amount of mobile and immobile hydrocarbons that constitute the total
organic carbon content in shale.
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INTRODUCTION

The characterization of organic shales continues to be a challenge in the petroleum
industry. Many techniques used for the characterization of conventional reservoir rocks
cannot reliably be used to determine the petrophysical properties of shales and other
unconventional source rocks. Even the determination of basic properties such as porosity
and permeability can be complicated by the additional physical interactions in these
materials due to the presence of hydrogen-bearing organic solids that are not present in
conventional formations, e.g. sandstones and carbonates. A continuing challenge is the
differentiation between the fluid types present in organic shales. Standard one-
dimensional nuclear magnetic resonance measurements of the transverse relaxation time
T, are unable to separate the effects of water and hydrocarbons in shales [1-2] since
signals from water, hydrocarbons and organic matter overlap in T, spectra.
Multidimensional NMR measurements offer deeper insights into the contributions of the
various species present in organic reservoir rocks. While there is overlap of the NMR
signal from the various components in the T, dimension, extension of experiments to
include T; [2-9] or diffusion [10] effects provides an additional resolution that allows for
potential signal source differentiation. The ratio of T1/T, has long been viewed as an
important means for the characterization of rock/fluid interactions [5-6, 11-13]. The
addition of multi-frequency studies and fast field cycling (FFC) NMR [13-15] has
recently provided another tool for the description of fluid physics in organic shales.
Birdwell and Washburn also recently showed that T;-T, maps can be used for
understanding geochemical data [16]. Robust models for T;-T, fluid mapping are now
emerging [9]. Further efforts to understand multidimensional NMR relaxation spectra
have enlisted thermogravimetric analysis and retort methods to correlate changes in
sample mass to NMR response [17-18].

In this work, we present experimental evidence of a dependence of the T,1/T> ratio on both
frequency and TOC in multiple shale samples. We further measured the mass changes of
a series of shale samples during a multi-step heating process. Sample mass changes were
compared to changes in both the 1D and 2D NMR relaxation spectra and analyzed in
light of TGA-MS data acquired on the same sample sets.

EXPERIMENTAL

The samples used in this work were sourced from two gas shale formations, referred to in
this work as shales A and B. Prior to these experiments, the TOC (WT%) had been
measured by LECO for each sample set, and ranged from ~1% to ~10% by weight.
Information on the shale sample sets can be found in table 1. Both sample sets were in the
as-received condition.

Each sample set was subjected to the following experimental techniques: NMR, TGA-
MS and oven drying under a He atmosphere.
» Sample Preparation: In order to facilitate drying and TGA-MS measurements,
all samples were crushed by hand to 45 mesh (0.354 mm).



SCA2016-025 3/12

Oven Drying: Based on initial TGA-MS results, the crushed shale A samples
were baked for 48 hours under a He purge at 120 °C and 220 °C. The final
temperature was chosen to remove both water and liquid hydrocarbons while
minimizing the conversion of solid hydrocarbons to liquid form [19].

NMR: 1D (T; and T,) and 2D (T;-T>) relaxation spectra of both sample sets were
acquired at 2.3 MHz, 12.7 MHz and 23.3 MHz on Oxford Instruments
spectrometers with echo times, TE = 0.134 ms, 0.164 ms and 0.132 ms
respectively. The 2D T;-T, inversion recovery delay lists were logarithmically
spaced with 30-50 entries and varied from 10 ps to 5.6 s. NMR results were
processed using in-house 1D and 2D inverse Laplace transform algorithms. Shale
A as-received NMR acquisitions were performed on secondary set of material,
and all quantitative measurements on shale A presented here are normalized by
sample mass to allow for direct comparison.

TGA-MS: TGA-MS measurements were performed on both sample sets with a
PerkinElmer Pyris 1 TGA coupled to a Clarus SQ8 MS mass spectrometer. The
TGA measures changes in sample mass as a function of temperature during
heating while the MS determines the composition of the material evaporating
from the sample. Approximately 35-65 mg of crushed material were heated from
room temperature to 850 °C at a rate of 10 °C/minute with ten minute holds at
50 °C and 850 °C.

Shale A TOC (WT%) Shale B TOC (WT%)
Al 1.43 B1 0.12
A2 2.15 B2 1.22
A3 2.59 B3 2.42
A4 3.15 B4 3.01
A5 3.42 B5 4.25
A6 4.15 B6 6.65
A7 6.75 B7 7.08
A8 10.66 B8 9.09
B9 9.35
B10 10.12

Table 1: TOC (WT%) values for shales A and B.

FREQUENCY AND TOC DEPENDENCE OF T,/T, RATIO

Standard NMR relaxation models in porous media are difficult to apply in organic shales
due to nanometer-scale pore sizes and additional relaxation mechanisms active caused by
the presence of solid organic materials. The relaxation times T; and T, of pseudo-solid
materials were described by Bloembergen, Purcell and Pound [20-21] in relation to the
correlation time t of the dipolar interactions:

1 2T 8T

T_1 =2C [1+w21'2 + 1+4a)21'2] (l)
1 10T 4T

E =C [6T + 1+w?2t2 1+4w212] (2)
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where C is a constant and o is the Larmor frequency. In the limit of fast diffusion
(wt<<1), typically obtained for the isotropic tumbling of small, mobile molecules, T;=T,.
This is typically the case for mobile fluids in the large pores of conventional reservoir
rocks. In the case, however, of organic shales, the small pores and large, relatively
immobile hydrocarbon molecules, the fast diffusion limit is no longer relevant. For these
materials, the ratio T1/T, becomes larger than 1, and, in the limit of wt>>1, Ti/T,
becomes proportional to w=t:=. A large Ti/T, ratio is indicative of the presence of
hydrocarbons and solid organics in shale materials [9].

In this work, 1D and 2D NMR measurements were made on shales A and B at 2 MHz, 12
MHz and 23 MHz. A representative set of T;-T, maps for shale A7 is found in figure 1.
In these results, two peaks are typically observed: the peak at shorter T; values
corresponds to mobile and clay bound water while the higher T, peak likely corresponds
to mobile hydrocarbons. To guide the eye, dashed lines are plotted for T1/T,=1 as well as
through the higher T1/T, peak. The logarithmic scale in the T1-T, maps allows for a large
variation in the estimated T4/T, ratio for a peak when picking by eye the best fit line
passing through the center of the peak. In order to minimize bias, these values were
determined with a 2D peak finding routine in Matlab [22] that detects all local maxima.
However, even with this automation, it can be difficult to determine the best value for
T1/T, due to the often extended and asymmetric nature of the peaks in question. The best
T1/T, ratio was then determined for the desired peak. The resulting T1/T, ratios for the
high ratio peak are plotted against NMR frequency for a representative selection of shale
A samples in figure 2. Similar behavior was observed in the shale B samples.
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Figure 1: Frequency dependence of T,/T, in sample A7. The lower diagonal lines correspond to T,/T, = 1.
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Figure 2: Dependence of T4/T, ratio on NMR frequency a representative selection of shale A samples.

As expected, a general dependence of the T1/T, ratio on frequency was observed for both
shale A and shale B. However, the predicted w-t: dependence is not seen, and in many
cases Ti/T, is higher at 12 MHz than at 23 MHz. No assumptions have been made
regarding the relevant correlation times, and further information about the composition of
the organic matter present in the samples is likely required to explain this discrepancy.
Also, the inexact nature of determining the best value for T:/T, has the potential to
introduce large uncertainties which could obscure the presence of any frequency
dependence. Further work is needed to determine a robust and accurate method for the
quantitative analysis of T;-T, maps.

Figure 3 shows the dependence of T1/T, on TOC for both sample sets. In both cases, a
clear increase in T1/T, is observed for the larger TOC values with a more pronounced
effect seen at 12 MHz and 23 MHz. While not as clearly evident in the shale B data, there
appears to exist a threshold or transition at roughly 4-5% TOC by weight. Above this
value, T1/T, increases rapidly for increasing TOC while below the threshold the spread in
T1/T, values is nearly constant for all frequencies and TOCs.
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Figure 3: Dependence of T,/T, ratio on TOC (WT%) a) shale A and b) shale b sample sets.

In order to explore this behavior more thoroughly, the variation in the 1D NMR
relaxation spectra was explored. In general, the frequency dependence of T; is stronger
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than that of T,, and this carries through to the value of Ti/T,. Figure 4 shows a
representative set of 1D projections of Ty, T, and T1/T, data for sample A6 from the T;-
T, map. The T; data shows more than an order of magnitude difference between 2 MHz
and 23 MHz while the T, spectra are nearly identical at all frequencies. This general
behavior was observed for all shale A samples. The weak dependence of T, with
frequency is potentially an important result for core-to-log integration of laboratory NMR
data. Downhole logging tools measure T, over a range of frequencies from ~500 kHz to
several MHz while laboratory core T, measurements are typically made at 2 MHz. In the
case of organic shales, even simple T, acquisitions can require several hours. The data in
figure 4 suggests that laboratory T, measurements on shales can safely be made at higher
fields, potentially offering a significant decrease in acquisition time as the NMR signal’s
dependence on frequency scales as w=, leading to a potential signal increase of more than
a factor of 30 when measurements are made at 23.3 MHz instead of 2.3 MHz. However,
care must be taken when T; or T1-T, measurements are performed at higher fields as the
much stronger dependence of T, on frequency could affect results.
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Figure 4: T4, T, and T4/T, projections of T,-T, map for as-received sample A6.

The dependence of T; on frequency is also observed in shale A for regions of high and
low T1/T, on T1-T, maps. Figure 5 shows the T; behavior in two regions for all shale A
samples. Plot A shows the maximum T; value in the region <1 ms for 2 MHz relaxation
data and <10 ms for 12 MHz and 23 MHz data while plot B shows the maximum T;
value at times >1 ms for 2 MHz data and >10 ms for 12 MHz and 23 MHz data. The error
bars are given by the standard deviation across all samples.
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Figure 5: Frequency dependence of T, for long and short T, regions in as-received shale A for a) T;<1 ms
at 2 MHz and <10 ms at 12 and 23 MHz and b) T;>1ms at 2 MHz and >10 ms at 12 and 23 MHz.

THERMOGRAVIMETRIC ANALYSIS AND OVEN DRYING

Several groups have reported on efforts to correlate the NMR response of organic shales
to the composition and volume of pore fluids and organics present in reservoir materials
[15, 17-18]. In this work, we report the results of TGA-MS analysis of shale A as well as
changes in the mass of each sample after oven baking under a He purge. TGA data for a
subset of shale A samples can be found in figure 6.
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Figure 6: TGA results for samples A1, A6 and A8.

Derivative of Relative Weight Loss [fraction/min

The TGA data show several peaks. A broad peak is found between 50 °C and 350 °C
which indicates the evaporation of free water and mobile hydrocarbons. Above 350 °C,
structural water and kerogen are produced [23-24]. The large peak at 750 °C is due to
chemical changes in the rock matrix and clays. This interpretation is supported by the
mass spectroscopy data for water (M/Z = 18) and butyl, and indicator of hydrocarbons
with M/Z = 57, which can be found in figure 7. Our mass spectroscopy results show the
evolution of both water and mobile hydrocarbons below 350 °C. It is possible to use
mass spectroscopy data to independently determine the changes in relative saturation
levels of water and hydrocarbons [15]. The combination of TGA and mass spectroscopy
also provided insight into the type of organic matter present in the shale A samples. For
TOC values less than 5%, the organic material present in the sample was predominantly
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immobile while more mobile hydrocarbons were present in samples for which TOC >
5%.
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Figure 7: Shale A mass spectroscopy results for a) water and b) hydrocarbon indicator butyl.

TGA data for shale B samples also provided insights into sample mineralogy. Figure 8
shows the TGA results for three shale B samples containing a) mainly immobile
hydrocarbons (B8), b) mainly clay (B4) and c) an equal mix of hydrocarbons and clay
(B3). This variation indicates that the environment for the bound water could vary
strongly between samples.
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Figure 8: TGA results for shales B3 (TOC=2.42%), B4 (TOC=3.01%) and B8 (TOC=9.09%).
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One goal of this work was to correlate changes in 2D T;-T, maps of organic shales to
gravimetric changes after baking. Guided by the TGA-MS data, shale A samples were
baked for 48 hours under a He purge at 120 °C and 220 °C after which T, and T;-T;
measurements were made. A series of T1-T, maps for single shale A sample normalized
to the as-received sample data is found in figure 9.
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Figure 9: T1-T, maps for a) as-received shale A8, after baking at b) 120 °C and c¢) 220 °C. The intensity
scale has been normalized to the as-received data.
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A clear decrease in signal intensity is observed in all areas of the map. Plots of the change
in integrated NMR volume for both the high T4/T; ratio peak as well as the lower T41/T,
ratio peak were made to determine if it is possible to independently track changes in pore
fluids. Normalized results are shown in figure 10 for samples Al, A6 and A8. This figure
shows that the integrated NMR volumes of both high and low T1/T, ratio peaks appear to
decrease at the same rate, indicating that, for the shale A sample set, both water and
mobile hydrocarbons are leaving the sample during baking at 120 °C and 220 °C.
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Figure 10: Comparison of changes in high T,/T, and low T,/T, peaks for samples A1, A6 and A8. Dotted
lines are added to guide the eye.

Changes in sample mass after each baking step were tracked and compared to changes in
the integrated NMR volume. In calculating the NMR volume, no assumptions were made
regarding the relative volumes of hydrocarbons and water, and a hydrogen index of 1 was
used. As seen in figure 11, the two quantities appear to be well correlated. Ideally, the
trendline should extend through the origin. More precise integrations of our mass
spectroscopy data will allow more precise determination of the relative masses of water
and hydrocarbons evolved during heating which will allow for a more realistic slope and
intercept of the best fit line through the data. Efforts are currently underway to acquire
such data.
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Figure 11: Comparison of mass lost via gravimetric methods and integration of T;-T, NMR maps.

Caution must be used when directly comparing TGA and gravimetric results as such a
comparison is highly dependent on factors such as heating rates, final temperatures, the
time spent at each temperature and particle size. In the results presented here, the
majority of mass change detected in the TGA-MS measurements corresponded to the
cracking of solid hydrocarbons and the release of tightly bound water as well as chemical
changes in the rock matrix while mass changes in our gravimetric results were dominated
by the evolution of mobile water and hydrocarbons. In order to perform a more direct
comparison to the two methods, efforts should be made to more closely match heating
rates and temperature end points. Further work is currently underway to make such
measurements.

CONCLUSION

This work was originally motivated by the observation of the dependence of T:/T, as a
function of TOC in shale A at 23 MHz relative to the response of the same material when
measured at 2 MHz. The observed dependence of T1/T, on frequency is predicted by
theory, but an explanation for the dependence of T,/T, on TOC is more difficult to
model. It is, however, clear from the data that there is a relationship between these
quantities. It is currently unclear what mechanism is responsible for the observed
behavior. It is possible that the composition of the organic matter in the samples varies
with depth and TOC and the variation in T1/T, is simply a reflection of this change.
Further work with a more fully characterized sample set will be necessary to attach a
physical explanation to observations.

The weak dependence of T, on acquisition frequency is a useful addition to efforts to
integrate downhole logging results with laboratory core analysis. We have shown that
while acquisitions of T, and of T;-T, maps can be strongly affected by frequency,
measurements of the transverse relaxation time are not. This suggests that measuring T,
at higher fields offers significantly shorter acquisition times with no additional
uncertainty in the petrophysical quantities determined from such measurements.
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Thermogravimetric analysis combined with mass spectroscopy allowed us to gain insight
into composition of the pore fluids within our samples as well as the environment in
which these fluids reside. We were able to demonstrate the ability to track relative
changes in each type of fluid independently and correlate changes in the NMR response
of our samples to changes in mass after baking at multiple temperatures. Ideally, the best
fit line to this correlated data should pass through the origin, but assumptions regarding
the relative amounts of water vs hydrocarbons as well as the hydrogen indices of the
relevant pore fluids make a more definitive statement difficult at this point. More careful
analysis of TGA-MS data on a more fully characterized sample set is needed. Neither
sample set was preserved, and it is possible that an unknown amount of water could have
evaporated before our experiments. Further thermal analysis will require better matching
between the heating rates, times and temperature ranges of the TGA-MS process and
oven drying as well as the use of preserved core material.

Finally, recent results in the literature suggest strongly that relaxation measurements at
multiple NMR frequencies are critical to fully understand the physics of the water and
hydrocarbons present in organic shales. We intend to perform nuclear magnetic
dispersion measurements on preserved set of samples in the as-received state as well as
after baking at the important temperatures determined by TGA-MS analysis.
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