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Abstract

Nuclear magnetic resonance (NMR) is a powerful technique for determining the
petrophysical properties (porosity, permeability, and fluid mobility) of subsurface
reservoirs through well logs, laboratory core analysis, or surface measurements of
drill cuttings at the rig site. In well logging, NMR is considered a lithology-inde-
pendent tool, but in surface measurements, it is possible to determine the appar-
ent magnetic susceptibility contrast between the rock and a saturating liquid from a
measure of the free induction decay. The magnetic susceptibility of the rock is influ-
enced by paramagnetic minerals (iron and manganese oxides) and provides a simple
method for detecting variations in lithology, particularly shale bands. Here, NMR
measurements of apparent magnetic susceptibility contrast are obtained on a selec-
tion of core plugs, powdered rock, and drilled cuttings using a commercial bench
top instrument, and shown to correlate to the iron content of the samples. This rapid
and robust analysis complements the standard NMR petrophysical measurements
and could be used to detect formation tops in near-real-time at the rig site.

1 Introduction

Lithological descriptions of rock, such as mineral content and grain texture, pro-
vide information on the age and depositional environment of subsurface formations
[1]. As such, lithology is important in petroleum reservoir exploration and produc-
tion, notably in the identification of formation tops (significant changes in lithology,
e.g., on moving from a cap rock to reservoir) while drilling. Lithology is tradition-
ally determined by a geologist using optical microscopy to inspect rock recovered
at the surface, either as drill cuttings at the rig site (part of a standard mud-logging
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service) or as cored samples (or prepared as thin sections) in the laboratory (routine
core analysis service). Down-hole lithology can be determined from natural gamma-
ray detection tools and logging-while-drilling (LWD) returns near-real-time charac-
terization of the formation to guide directional drilling in deviated wells [2]. These
logs provide clear distinction of shale bands containing absorbed uranium and tho-
rium from sandstones, but identifying carbonate formations is unreliable due to their
variable radioactive mineral content. The detailed lithology descriptions available
through modern sophisticated mud-logging techniques tend to remain labor-inten-
sive and may not be timely or determined with sufficient frequency to guide drilling
operations [3, 4]. An alternative surface measurement of lithology, suitable for auto-
mation at the rig site to provide near-real-time answers, is magnetic susceptibility
[5].

The magnetic susceptibility y of a substance describes its ability to acquire a
magnetic dipole moment when subjected to a magnetic field:

M= yH (D

where M is the sample magnetization and H is the imposed magnetic field. The tem-
perature variation of y for many paramagnetic substances is given by Curie’s Law
as:

1=z @

where T is the absolute temperature and C is the Curie constant approximated as [6]:

2
HoH
C~ N
o 3)

where yu is the magnetic moment per atomic dipole, N is the number density of
such dipoles, u,=1.257x107%H m~! is the permeability of free space, and
kg = 1.38 x 102J K~ is the Boltzmann constant. Magnetic susceptibilities may
be positive (paramagnetic) or negative (diamagnetic). Paramagnetism in subsurface
formations derives predominantly from iron and manganese [7], whereas common
minerals such as quartz and calcite are diamagnetic. Gross changes in lithology (for-
mation tops) are, therefore, often easy to detect, particularly when moving between
a weakly diamagnetic sandstone or limestone and a strongly paramagnetic shale
[8-10].

Magnetic susceptibility is usually determined by means of a Gouy (or Evans)
balance [11, 12] which measures the physical deflection of a permanent magnet,
or a susceptibility bridge where the modulation in frequency of an alternating
current (AC) induction field is measured [5]. The Evans balance is best suited to
the measurement of dry powders and liquids, whereas a susceptibility bridge can
be applied to powders or large samples depending on the instrument geometry.
In core analysis, a susceptibility bridge is applied to dry competent plugs with a
correction for the formation porosity ¢. Although both instruments are small and
portable, care must be taken due to their sensitivity to the local magnetic environ-
ment (e.g., steel construction, hand tools, etc.) and extensive sample preparation
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may be required (e.g., drying plus an independent porosity measurement for core
plugs and drill cuttings). Alternatively, magnetic susceptibility of rocks can be
determined using an SQUID (superconducting quantum interference device)
magnetometer as described in [13].

An alternative approach to measuring magnetic susceptibility is nuclear
magnetic resonance (NMR) [14, 15]. In well logging, NMR provides a power-
ful tool for investigating petrophysical properties of the subsurface formation,
such as porosity, permeability, identification of producible zones [16], and wet-
tability [17]. NMR is marketed as a lithology-independent down-hole measure-
ment, unlike other common techniques such as neutron porosity that require prior
knowledge of the rock type for robust interpretation. Most NMR petrophysical
interpretations, either down hole or in the laboratory, are based on analysis of
the transverse relaxation time 7, determined using the classic Carr—Purcell-Mei-
boom-Gill (CPMG) echo train experiment [18, 19]. Refocusing of the magnetiza-
tion in a spin echo reduces the influence of molecular diffusion through magnetic
field inhomogeneities. Interpretations based on the longitudinal 7, relaxation time
are insensitive to spatial variations in magnetic field [20]. In the absence of a
refocusing spin echo, the free induction decay (FID) [21] of transverse magneti-
zation approximately proceeds with an exponential rate constant:

1
~ T +yAyBy+yAB,, 4)

where y is the gyromagnetic ratio, By is the static magnetic field strength, AB is the
instrument-specific field inhomogeneity, and 4y is the solid/liquid magnetic suscep-
tibility contrast. The true transverse relaxation time 7, is typically longer by orders
of magnitude than 77 and so is ignored. The magnetic susceptibility varies in space
and a strict exponential magnetization decay is observed only when the distribution
of local field fluctuations is Gaussian [23]. To be rigorous, we should consider the
volume-averaged integral of the magnetic field distortion f yAy(r)B,dV. However,
as this integral is challenging to calculate for a sample where the field fluctuations
are not random [22], we use Eq. (4) based on empirical observations [25]. This
equation will break down in the limiting cases of (1) large instrument field inhomo-
geneity, i.e., AB, > AyB, [26], (2) a non-Gaussian spin phase distribution caused
by diffusion through large internal gradients [27], or (3) small pores of characteristic
length £ that restrict the diffusion path of the liquid molecules [28]. If the distribu-
tion of local field fluctuations does not average to zero, then the linear field terms in
Eq. (4) will give rise to a shift in the resonant frequency [24] as well as the spectro-
scopic line broadening described by 1/7;. However, in the present work, any such
small-frequency shifts were masked by the inherent width of the spectra (short 77)
as a result of using low-field permanent magnets.

Equation (4) leads to an empirical measure of apparent magnetic susceptibility
contrast defined as:
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Aapp = ngo
1 1
= xT; 1B, (%)
1
S Ry

where @, =yB, is the Larmor frequency and ¢, ~ 0.3 is an empirical scaling
parameter [25] that conveniently cancels the factor & in the denominator. The NMR
magnetic susceptibility contrast 4 y,,, measured in rocks is subtly modified from the
true magnetic susceptibility contrast |4y | = | y(rock) — y(liquid)| due to the influ-
ence of pore size on the local magnetic field distortions, particularly if the pores are
large (¢, > 100 pm) or small (£, < 1 pm) [28]. In many cases, the magnetic sus-
ceptibility contrast between the rock mineral and saturating brine or oil is modest
to large, and very large in iron-rich clays, e.g., chlorite [29]. Although the measure-
ment of an FID is not practical with current ex situ well-logging tools due to the
inherent 4B, field inhomogeneity of the magnets, it is possible to determine 4y,,,
using commercial bench top NMR instruments, readily available with field strengths
up to By ~ 0.5T. Such instruments are appropriate for laboratory core analysis or
rig site analysis of drill cuttings, being portable and robust to changes in the external
magnetic environment, and minimal sample preparation is required.

Rig site NMR is not a new concept. Numerous studies are to be found in the
literature dating back to the 1980s [30] comparing porosity measurements from cut-
tings to core plugs or well logs in both conventional and unconventional formations.
However, surface NMR has never achieved commercial success as a mud-logging
technology due to unreliable results; a limitation that was not resolved through con-
tinued improvements to the magnet technology [31, 32]. In recent works, it was
demonstrated that the chronic problem of gross overestimation in porosity is miti-
gated by robust and repeatable sample-handling procedures [33-35]. Petrophysi-
cal characterization of the rock still requires competent cuttings of sufficient size
(e.g., 20-100 grains) to reflect the formation microstructure [36]. NMR apparent
magnetic susceptibility contrast, on the other hand, can be determined on cuttings of
any size and even unconsolidated grains. These measurements could provide near-
real-time detection of formation tops while drilling.

Previously, NMR magnetic susceptibility measurements have been used to cali-
brate T, cut-offs in relaxation time distributions of liquid-saturated rocks [37] and to
correct water saturation measurements in porous iron ore [38]. T; has been used to
assess the strength of “internal gradients” in rocks [39-41] and distributions of 77
correlated against 7' have been used as an indicator of formation heterogeneity [42].
Magnetic susceptibility is also a well-known contrast mechanism in medical imag-
ing [43, 44] and the single-exponential T’ decay observed in rocks (and many other
porous materials) is convenient for quantitative single-point imaging (SPI) [25, 45].

In this paper, the utility of NMR apparent magnetic susceptibility contrast as an
indicator of lithology is demonstrated through measurements of powdered rock and
core plugs, and drill cuttings generated from a subsurface formation. The physical
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rock properties are described in Sect. 2.1 and the results of conventional magnetic
susceptibility measurements are presented in Sect. 2.2. The NMR technique is intro-
duced in Sect. 2.3 and the measured apparent magnetic susceptibility contrasts are
discussed in Sect. 3.

2 Materials and Methods
2.1 Rock Samples

A selection of outcrop rocks was prepared as powders and cylindrical core plugs
(diameter X length: 38 X 50 mm) for analysis by NMR and conventional magnetic
susceptibility measurement. The powdered rock was prepared by crushing a small
quantity of each formation in a planetary ball mill (PM100, Retsch, Germany) using
an agate cup and grinding spheres. The ball mill components were washed thor-
oughly with deionized water and acetone after each cycle to prevent cross contami-
nation of samples. Details of the outcrop formations, including lithological classifi-
cation based on thin-section analysis, are listed in Table 1. Conventional magnetic
susceptibility measurements were performed on the dry samples.

For the NMR measurements, the rock powders (approximately 10 g of each) were
suspended in deionized water and centrifuged at 500 RPM for 60 min in a low-speed
bench top centrifuge (LMC-3000, Grant Instruments, UK) to produce a dense slurry.
The excess liquid was carefully aspirated from the tubes. The sealed centrifuge
tubes were placed directly in the NMR magnet using a custom sample holder. The
water content of the wet powders was not assessed here, although in principle, this
is a trivial parameter extracted from the total NMR signal and sample mass. Water
absorption depends on the wettability (mineralogy and chemistry) of the formation,
and so could potentially provide additional information. Dissolution of minerals
(e.g., iron oxides) into the water is another detail, beyond the scope of the current
work, that could be explored.

The core plugs were vacuum-saturated with low-salinity brine [46] and stored
under brine between measurements. For the duration of the NMR measurements, the
core plugs were wrapped in plastic film and placed in a PTFE cup.

Drill cuttings produced at the Cameron Test Facility (CTF, Texas, USA) were
shipped to a laboratory for analysis [35]. The cuttings depth (provenance) was esti-
mated from the volumetric mud flow rate. The cuttings were taken directly from
the shale shaker and sealed in plastic bottles for transport. On arrival at the labo-
ratory, the cuttings were recovered from the bottles and rinsed under tap water to
remove water-based mud solids (barite weighting agent and loss control material).
The cuttings were sieved wet and a fraction in the size range 1 to 3mm (18 — 6
mesh) retained for NMR assay. The cleaned cuttings were centrifuged under per-
fluorinated oil at 2 = 31rads™! (300rpm) for = 600s on a low-speed bench top
centrifuge and measured by NMR without further preparation. Neutron porosity
and natural gamma-ray logs were obtained in an adjacent (but not identical) well for
comparison.
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Table 1 Properties of conventional outcrop formations

Formation Abbr. Lithology Classification ¢/p.u. Fe/%
Sandstones

Bentheimer BN Sandstone Subarkose 24 0.03
Birchover (a) BRa Millstone grit Subarkose 17 0.38
Birchover (b) BRb Millstone grit Subarkose 15 0.50
Berea (a) BXa Sandstone Subarkose 19 0.73
Berea (b) BXb Sandstone Subarkose 20 0.50
Berea (c) BXc Sandstone Subarkose 24 0.35
Clashach (a) CLa Sandstone Subarkose 19 0.07
Clashach (b) CLb Sandstone Subarkose 20 0.07
Lazonby Red LA Sandstone Subarkose 14 0.27
Ohio Blue OB Sandstone Quartz wacke 17 1.59
Stancliffe ST Millstone grit Subarkose 13 0.76
Carbonates

Doulting DO Limestone Bioclastic grainstone 21 0.45
Estillades ES Limestone Bioclastic grainstone 30 0.04
Indiana IN Limestone Bioclastic grainstone 19 0.07
Ketton KT Limestone Oolitic grainstone 24 0.44
Marble MB Limestone Crystalline carbonate 0 0.07
Portland PT Limestone Bioclastic ooliticgrainstone 21 0.05
Rocharon RO Limestone Bioclastic intraclastic grainstone 0 0.07
Stoke Ground SG Limestone Bioclastic oolitic packstone 21 0.58
Stevns Klint SK Chalk Mudstone 50 0.02
Silurian SL Dolomite Crystalline carbonate 19 0.14

Lithological descriptors were determined from thin-section images (Corex, UK). Porosity values
(expressed in porosity units, p.u.) were determined from the total NMR signal amplitude of the brine-
saturated core plugs. The iron content was determined using X-ray elemental analysis of the powdered
rock (expressed as a percentage of detected elements)

The magnetic susceptibility was slightly different for the deionized water,
tap water, and brine used to saturate the various samples (powders, cuttings, and
plugs) for NMR measurement, and so, a small offset was expected between the
sets of measurements. The variation between the liquid magnetic susceptibili-
ties (~ 1077 cm3 g=!) was considered small compared to the solid/liquid contrast
(~ 1076 cm?3 g~1), except for some of the diamagnetic outcrop rocks where the sus-
ceptibility contrast was near zero.

2.2 Conventional Magnetic Susceptibility Measurements

Magnetic susceptibility may be expressed in terms of volume y,, mass y,, or molar-
ity yy- The unit system used to express magnetic susceptibility can be rationalized
(mksA) or unrationalized (cgs-emu), with a factor 4z difference. Care must be taken
to explicitly state the unit system, especially in the case of the dimensionless volume
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susceptibility, to avoid confusion. Here, reference to rationalized units is achieved by
inclusion of the 4x multiplier [43].

Absolute magnetic susceptibilities of the outcrop rocks were determined using (a)
a Sherwood Scientific Mk1 balance for the dry powders and (b) a Bartington Instru-
ments MS2C magnetic susceptibility meter for the dry core plugs. The Sherwood Sci-
entific Mk1 instrument is based on the Evans balance [12], wherein the deflection of
permanent magnet due to the presence of a powder or liquid sample is measured. The
Bartington Instruments MS2C meter uses an AC induction loop [5] to determine the
magnetic susceptibility of a large sample, such as a rock core. The liquid—solid mass
susceptibility contrast |4y, | = | x,(rock) — y,(water)| was obtained by assuming a lit-
erature value of y,(water) = —0.72 x 10"°cm® g~!. An experimentally determined
magnetic susceptibility of water was close to the expected literature, but found to vary
between samples, possibly due to the presence of dissolved (paramagnetic) oxygen.

The magnetic susceptibility distribution for the outcrop rocks is shown in Fig. la.
An instrument offset, determined by measurement of reference samples, was removed
from these data. The rocks generally have low magnetic susceptibilities compared
to typical reservoir formations [39], with an obvious extreme case being Ohio Blue.
Even over this limited range, there is a strong positive correlation between the meas-
ured magnetic susceptibility and the iron content obtained from elemental analysis, see
Fig. 1b. This correlation breaks down only for the samples with very low iron content,
and especially the diamagnetic formations. The state of the iron has not been consid-
ered here (i.e., FeO or Fe,0;) and these oxides have different magnetic susceptibilities.
Other paramagnetic species, such as manganese oxide, present in low (< 100 ppm)
quantities were also not considered in this comparison. The strong positive correlation
observed indicates that iron is the dominant source of paramagnetism in these samples.
A comparison of the y, values obtained for the outcrop formations on the Sherwood
Instruments Mk1 balance (powders) and the Bartington Instruments MS2C meter (core
plugs) is shown in Fig. 1c. The core-plug values were corrected to account for the for-
mation porosity, see Table 1, according to y, = ¢y, /p using the mineral (grain) den-
sity. A reasonable correlation is observed between the sets of values obtained on the
two independent instruments. There is significant scatter about the equality (dashed)
line, but there is no consistent drift to suggest an offset in either data set. Repeat meas-
urements gave consistent results and experimental error bars equivalent to the size of
the plot markers. The degree of scatter is attributed to the different sample volumes
measured. The Mk1 balance accommodates only a small powder sample (~ 0.16 cm?
[43]), whereas the MS2C meter averages over the plug volume (~ 56 cm?). The small
powdered rock sample may not be representative of the larger plug volume in heteroge-
neous formations. The two independent sets of data are considered equivalent despite
the differences in representative sample volume and methodology.

2.3 NMR Measurements
For petrophysical analysis of liquid-saturated conventional rock cores (sand-

stones and carbonates), it is considered mandatory to use low-field NMR equip-
ment to obtain quantitative porosity and permeability estimates from 7', relaxation
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Fig. 1 Conventional magnetic
susceptibility measurements of
outcrop rocks. a Mass magnetic
susceptibilities measured on
powders using the Sherwood
Scientific Mk1 susceptibility
balance. Positive values indicate
paramagnetism and negative
values indicate diamagnetism.
b Correlation between mass
magnetic susceptibility and iron
content. The iron content is
expressed as a fraction of X-ray
detected elements. The dashed
line indicates a linear best fit to
the data. ¢ Comparison of mass
magnetic susceptibility deter-
mined on core plugs using the
Bartington Instruments MS2C
magnetic susceptibility meter
(abscissa) and powders using
the Sherwood Scientific Mk1

susceptibility balance (ordinate).

The dashed line indicates equal-
ity between the independent
measurements

Xe / 47 x 1075 cm? g7!

-1

Xe / 4m x 1076 cm?® g

31 | sandstones
[ Jcarbonates

45 b ‘ o 77
7
3F -7 .
7
7
2 — -
o
1F 9(0/ ° i
[ 2
0k o/: *® e sandstones|-|
&/ o carbonates
-1 Il Il
0 0.5 1.5 2
Fe / %
[ T T T T Tc
4 C P 2
7
Ve
3 e 4
7
2+ P |
°
1+ A ~
”/0‘ :
0r O o e sandstones|-|
ng/‘/ o carbonates
1 - 1 1 | 1 1
-1 0 1 2 3 4

Xe (plugs) / 4w x 1075 cm? g~!

time distributions [47]. Typically, a resonant frequency of f, ~2MHz for 'H
(By = 50mT) is selected to minimize the influence of diffusion in internal gra-
dients arising from the solid/liquid magnetic susceptibility contrast. This para-
digm shifts for unconventional organic shale formations where higher field mag-
nets improve fluid typing and enable detection of the solid kerogen [48]. Bench
top instruments offering f; ~ 23 MHz for 'H (B, ~ 0.5 T) are now used routinely
for laboratory analysis of unconventional shale formations and most commercial
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systems of this field strength can accommodate small rock samples such as drill
cuttings.

As T} scales inversely with magnetic field strength from Eq. (4), stronger magnets
provide a more sensitive measurement of the apparent magnetic susceptibility contrast
(i.e., AyB, increases, while AB; remains constant). This relation runs counter to the
prevalent wisdom that NMR measurements of conventional rock formations be per-
formed at low resonant frequencies. Of course, there is an inherent upper limit on the
magnet strength as 77 will eventually become so short as to be undetectable at higher
field strengths.

All the NMR measurements reported here were performed on an Oxford Instru-
ments “Rock Core Imager”” magnet at f; = 12.9 MHz for 'H (B, = 0.3 T) as a compro-
mise between the usual upper and lower ranges of field strength available on commer-
cial bench top hardware. The capabilities of this particular instrument were reviewed
in [49]. Wet rock powders and cuttings were measured using a 23 mm diameter radio
frequency (rf) probe; brine-saturated core plugs were measured using a 53 mm diam-
eter rf probe. The static magnetic field was adjusted by a combination of mechanical
and electric shims to achieve a spectral line width for bulk water better than 10 ppm
full-width-half-maximum (FWHM) in all cases. The magnetic field was more uniform
across the sensitive region of the smaller probe. Both probes were fitted with an active
damping feedback preamplifier (MRF Innovations, UK) to improve the signal-to-noise
ratio (SNR) and probe response time. The rf pulses were supplied by a 500 W ampli-
fier (Tomco, Australia) and typical 90° rf pulse durations were fy, = 7 ps for the 23 mm
probe and ¢y, = 15 ps for the 53 mm probe.

Each FID contained 8192 data points acquired with a dwell time of 10 ps. A fluo-
rine-suppression digital filter [S0] was used to prevent signal contamination from PTFE
components in the probe body and sample tubes. A recycle delay of 8 s was allowed
between every scan to ensure full recovery of the longitudinal magnetization and 32
repeat scans were summed during acquisition to improve the SNR and accommodate
the rf phase cycle. The total measurement time of each FID was approximately 4 min.
The same protocol was applied to all the samples. The apparent magnetic susceptibility
contrast was obtained according to Eq. (5) by fitting the FID with a single-exponential
function of the form:

M) =M(0)exp{—%}, (6)
2

where t is the experiment time and M is the observed magnetization (signal). The
total magnetization M(0) was used to estimate the porosity of the core plugs (see
Table 1) and cuttings (see [35]) by reference to a bulk water sample of known
volume.
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3 Results and Discussion

The NMR apparent magnetic susceptibility value for the outcrop rock powders
is shown in Fig. 2a. It is important to note that the NMR measurement delivers
only the magnitude of the susceptibility contrast and so any sense of paramagnet-
ism or diamagnetism in the formation is lost. Nevertheless, it is possible to distin-
guish large changes between the rock samples. For example, the Ohio Blue sample
still stands out as having a significantly higher (paramagnetic) susceptibility than
any of the other rocks. As diamagnetic rocks tend to have low (negative) mag-
netic susceptibilities, it is reasonable to assume that all the formations exhibiting
Afppp > 11070 cm? g=! are paramagnetic (a rule-of-thumb based on empirical
observation). The NMR apparent magnetic susceptibility measurements on powders
and plugs are compared in Fig. 2b. Note that not all the formations could be meas-
ured as plugs. The samples with zero porosity (Marble, Rocharon; see Table 1) could
only be measured as powders and so are not included in this comparison. There is
general agreement, with a significant scatter about the equality line for the samples
with low magnetic susceptibility contrasts but no clear shift to suggest an offset in

Fig.2 NMR apparent magnetic 5
susceptibility measurements of n a
outcrop rocks. a Apparent mass o0
magnetic susceptibility contrasts '”E 4r
measured on wet powders. b )
Comparison of NMR apparent < 3t [ sandstones
magnetic susceptibility contrasts = [ Jcarbonates
measured on brine-saturated X
plugs (abscissa) and wet pow- 5
ders (ordinate). The dashed line -
indicates equality between the o
two sample sets >§
<
5 T T T T -
D b e
a0 L e
mE 4+ e A
3) . d
T3k - ]
o s
— s
X ° Pl
E 2r i ~
N .
\Q /, 7
& Ir o @ sandstones| ]|
O carbonates
a |8 bonat
0 Il Il Il Il
0 1 2 3 4 5

AxXapp (plugs) / 4m x 1076 cm? g~!
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either measurement. It is interesting to note that the measured apparent susceptibility
contrast of Ohio Blue is substantially lower in the plug than in the powder. This for-
mation is characterized by small pores (£, ~ 1 pm), and in the competent plug, the
NMR signal attenuation due to diffusion is reduced due to the restricting geometry
(the “motional averaging” regime [51]). Consequently, the observed Tz* relaxation
time is longer than would be expected based on simple magnetostatics assumptions
[28]. In the powder, this pore structure has been destroyed, removing the influence
of restricted diffusion. The same effect is observed in the tightest Berea formation
(BXa) with a similar nominal pore size. The NMR measurements of powders are
considered more reliable for determining the apparent magnetic susceptibility con-
trast where the confounding influence of pore geometry is removed. In addition, for
the rocks with a high iron content, the individual grains may have surface hema-
tite and subsurface magnetite due to preferential surface oxidation. The oxidation
states of iron exhibit very different magnetic susceptibilities (+9.8 x 10~ cm> g~!
for Fe,05 and +9.2 X 1072 cm® g~! for Fe;0,). Crushing the rock to powder will
potentially expose the magnetite, thereby increasing the apparent magnetic suscepti-
bility contrast of the powders compared to the plugs.

Good agreement was found between the NMR apparent magnetic susceptibil-
ity contrast and the Sherwood Mkl balance measurements of the rock powders,
see Fig. 3a. Except for two obvious outliers, the carbonate formations Doulting
and Stoke Ground (rare examples of paramagnetic carbonates), the NMR meas-
urement of susceptibility contrast agrees well with the traditional measurement. A
strong correlation is also observed between the NMR apparent magnetic suscepti-
bility contrast of the powdered sandstones and the iron content of the formations in
Fig. 3b. The correlation between mineral magnetic susceptibility and iron content
determined from the conventional measurements (dashed line in Fig. 1b) predicts
the NMR response for the sandstones extremely well, albeit shifted by the mass
magnetic susceptibility of water (dashed line in Fig. 3b). However, no strong cor-
relation is observed for the carbonate formations, and three outliers are evident (all
with Fe ~ 0.5 %). Note that the majority of the carbonate samples are diamagnetic
(see Fig. 1a), but this distinction is lost in the NMR measurement. The water could
be replaced with a weakly paramagnetic solution to provide a second point of ref-
erence and hence determine the sign of the absolute magnetic susceptibility. This
approach was not attempted here and would considerably complicate analysis of res-
ervoir formations as typical NMR doping agents can chemically interact with the
rock minerals [52]. Overall, it is clear from Fig. 3 that the NMR measurement is suf-
ficiently sensitive to indicate changes in lithology during drilling and detect forma-
tion tops, especially where distinct changes in mineralogy occur such as a clay-rich
shale bands.

The results of the NMR cuttings analysis are overlaid on the well logs in Fig. 4
(middle). The measured apparent magnetic susceptibility contrasts were adjusted
using the neutron porosity and density values at comparable depths. These labo-
ratory results generally follow the trends observed in the gamma-ray log. Above
610 m, the formation contained a significant clay fraction, corresponding to a high
gamma-ray reading (~ 100 API), low bulk density, and high porosity. The appar-
ent magnetic susceptibility contrast values were high in this region, consistent
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Fig. 3 Comparison of NMR 5
apparent magnetic susceptibility in a e
measurements of wet outcrop
rock powders to a conventional
(mass) magnetic susceptibil-
ity contrast |4 y,|and b iron
content. In a, the dashed line
indicates equality between the
two measurements. In b, the
iron content is expressed as

a fraction of X-ray detected
elements. The dashed line is a I d o sandstones ||
linear best fit to the conventional %’g" o ©° o carbonates
magnetic susceptibility data (see 0 | | ; ;
Fig. 1b) adjusted by the mass 0 1 2 3 4 5
magnetic susceptibility of water.
The legend applies to both plots
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with a significant iron content. Between 610 and 660 m, the formation was sandy
leading to a reduced but still high apparent magnetic susceptibility contrast.
Below 660 m, where the formation was increasingly dominated by limestone, the
apparent magnetic susceptibility contrast decreased further. Very low values were
observed around 850 m, suggesting another slight change in lithology that was
not obvious from the gamma-ray log. The NMR data presented here are sparse,
preventing detailed comparison to the gamma-ray and mineral logs, and there is
an inherent uncertainty on the cuttings depth (on the order of several meters).
Notwithstanding the limitations of this study, the changes in NMR apparent mag-
netic susceptibility contrast do correlate to the expected changes in formation and
the measurement could be used to identify formation tops if the spatial resolution
(frequency of cuttings collection) was improved. It is worth noting that the NMR
measurement also delivered porosity and permeability information (as described
in [35]) and so offers combined petrophysical and lithological indicators for the
reservoir.
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Fig.4 Comparison of NMR cuttings analysis and logs for the CTF well. Left: neutron porosity (black
dashed line) and formation density (gray line) well logs. Middle: NMR apparent magnetic susceptibility
contrast (black dots with dashed connecting line) overlaid on the natural gamma-ray (gray line) well log.
Right: a mineralogical interpretation of dominant rock type. The well-log data were presented previously

in [35]

4 Conclusions

The magnetic susceptibility of a subsurface rock is a useful indicator of mineralogi-
cal variations in the formation. The magnetic susceptibility of the rock is influenced
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by paramagnetic minerals (iron and manganese oxides) and provides a simple
method for detecting variations in lithology, particularly clay-rich shale bands. How-
ever, conventional instrumentation for measuring magnetic susceptibility is sensitive
to the local magnetic environment (e.g., structural steel, hand tools, etc.), demanding
regular and careful calibration, and significant sample preparation is required. NMR
offers an alternative methodology, being able to provide an apparent magnetic sus-
ceptibility contrast in liquid-saturated rocks with minimal sample preparation. Low-
field bench top NMR instruments are robust to changes in the local magnetic envi-
ronment and hence are appropriate for deployment at the rig site for near-real-time
surface measurements of drill cuttings or core. In well logging, NMR is considered
a lithology-independent tool, but in surface measurements, it is possible to deter-
mine an apparent magnetic susceptibility contrast from a free induction decay (FID).
Here, NMR measurements of core plugs, powdered rock, and drilled cuttings were
performed on a commercial bench top instrument. The apparent magnetic suscepti-
bility contrast of outcrop rock formations correlated well to conventional magnetic
susceptibility measurements and the iron content of the minerals. A magnetic sus-
ceptibility surface log was generated from the drill cuttings measurements and gross
variations in lithology were identified in agreement with a corresponding natural
gamma-ray well log. The NMR measurement of apparent magnetic susceptibility
contrast is rapid and robust, sufficiently sensitive to detect formation tops, and com-
plementary to standard NMR analyses (porosity, permeability). Through the addi-
tion of a simple FID measurement, a laboratory or rig site NMR service has the
potential to provide combined petrophysical and lithological indicators in reservoir
formations.
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