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laboratory study to determine the effect of
ron oxides on proton NMR measurements
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ABSTRACT

Using laboratory methods, we investigate the effect of the
presence and mineralogic form of iron on measured proton
nuclear magnetic resonance �NMR� relaxation rates. Five
samples of quartz sand were coated with ferrihydrite, goe-
thite, hematite, lepidocrocite, and magnetite. The relaxation
rates for these iron-oxide-coated sands saturated with water
were measured and compared to the relaxation rate of quartz
sand saturated with water. We found that the presence of the
iron oxides led to increases in the relaxation rates by increas-
ing the surface relaxation rate. The magnitude of the surface
relaxation rate was different for the various iron-oxide miner-
als because of changes in both the surface-area-to-volume ra-
tio of the pore space, and the surface relaxivity. The relax-
ation rate of the magnetite-coated sand was further increased
because of internal magnetic field gradients caused by the
presence of magnetite. We conclude that both the concentra-
tion and mineralogical form of iron can have a significant im-
pact on NMR relaxation behavior.

INTRODUCTION

Proton nuclear magnetic resonance �NMR� has been widely used
n the geophysical and medical communities to detect the presence
f hydrogen nuclei � 1H� and determine their physiochemical envi-
onment. NMR measurements in the earth sciences can be made in
he laboratory, or in the field using a well-logging device or a system
eployed at the earth’s surface. NMR logging has been employed in
he oil industry to quantify water and hydrocarbon content and to es-
imate pore size and permeability �e.g., Seevers, 1966; Timur, 1969;
orb et al., 2003�. The surface-based system, referred to as MRS

magnetic resonance sounding�, has been used to estimate the water
ontent and the permeability of the top 100 m of earth �e.g., Shusha-

Manuscript received by the Editor March 23, 2006; revised manuscript rec
1Stanford University, Department of Geophysics, Mitchell Building

angea.stanford.edu.
2007 Society of Exploration Geophysicists.All rights reserved.
E27
ov, 1996; Legchenko et al., 2002�. The use of NMR to determine
he permeability of water-saturated geologic materials is the applica-
ion of interest in our research.

If we consider a water-saturated geologic material, the NMR ex-
eriment �in the laboratory or in the field� consists of measuring the
ate at which the bulk nuclear magnetization of the water within the
ampled volume of material returns �relaxes� to equilibrium after be-
ng perturbed by a radio-frequency pulse. The measured relaxation
ate is related to the surface-area-to-volume ratio of the water-filled
ore space; this is the link that allows the use of NMR data to esti-
ate pore sizes �e.g., Timur, 1969; Yaramanci et al., 2002� and per-
eability �e.g., Vogeley and Moses, 1992; Legchenko et al., 2002�.
A complicating factor in the interpretation of NMR relaxation

ates is the effect of Fe�III�, a paramagnetic species commonly found
n geologic material. Previous laboratory studies �Foley et al., 1996;
ryar et al., 2000� have shown conclusively that an increase in the
oncentration of Fe�III�, in the solid phase of a geologic material,
ill cause an increase in the NMR relaxation rate. What has not been

nvestigated, however, is the role of the mineralogic form of the
e�III�. That is, is it simply the concentration of Fe�III� that deter-
ines the effect of Fe�III� on NMR data, or must the mineralogic

orm of Fe�III� also be considered?
Publications in the medical literature clearly show that the chemi-

al form of iron affects proton NMR relaxation rates �Yilmaz et al.,
990; Babes et al., 1998; Gossuin et al., 2002�. It has been suggested,
ased on theoretical modeling, that differences in relaxation rates re-
ulting from changes in the form of the iron can be attributed to the
ize of the particles containing the paramagnetic species, the dis-
ance of the paramagnetic species from the relaxing protons, and the
istribution and concentration of the paramagnetic species �Gillis
nd Koenig, 1987�. These results and discussion in the medical liter-
ture led us to hypothesize that the mineralogic form of Fe�III�
ould affect the NMR relaxation rates of water-saturated geologic
aterials.
Although iron can be found in many forms, we limited this study

o iron-oxide minerals. We compared NMR relaxation rates for wa-
er in sands coated with known concentrations of Fe�III� in the form

eptember 2, 2006; published online December 29, 2006.
ford, California 94304. E-mail: kkeat@pangea.stanford.edu; rknight@
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E28 Keating and Knight
f ferrihydrite �Fe�OH�3 ·nH2O�, goethite ��-FeOOH�, hematite
�-Fe2O3�, lepidocrocite ��-FeOOH�, and magnetite �Fe3O4�.
hese iron oxides were chosen to represent a variety of Fe�III�-bear-

ng, naturally occurring iron minerals. The selected iron oxides are
ure Fe�III� minerals, with the exception of magnetite which con-
ains both Fe�III� and Fe�II�. Understanding the effect of these iron

inerals is essential if we are to use NMR data, in the laboratory or
he field, to obtain accurate information about the permeability of
eologic materials.

NMR RELAXATION THEORY

All atoms with an odd number of protons or neutrons possess a nu-
lear spin angular momentum. In many geologic applications, the
ydrogen atom � 1H� with a single proton is of interest because of its
resence in water. In a static magnetic field �B0�, the nuclear spins in
he water align with the field, resulting in a net magnetization �M0�
hich is proportional to the number of 1H in the sample. M0 process-

s at the Larmor frequency f0, which is related to B0 by

f0 =
1

2�
��B0� , �1�

here � is the gyromagnetic ratio for hydrogen protons in water
olecules �� = 0.267 rad/�nT·s��. For MRS instruments, f0 ranges

rom 0.8 to 2.8 kHz; for NMR well-logging instruments, f0 ranges
rom 0.5 to 2 MHz; and for laboratory instruments, f0 ranges from
.01 to 900 MHz. If a magnetic field oscillating at f0 is applied for a
hort time, the nuclear spins move away from, and then relax to, their
quilibrium position. This results in a measurable signal from the
ulk nuclear magnetization �M�, which can be described in terms of
transverse magnetization Mxy, and a longitudinal magnetization
z. Parameters that describe the observed relaxation of Mxy are de-

oted with the subscript 2, and those describing the observed relax-
tion of Mz are denoted with the subscript 1. In this study we mea-
ured Mxy, which is the parameter detected by most well-logging and
urface-based NMR instruments.

For bulk fluids, the return or relaxation to equilibrium over time
t� behaves as an exponential decay:

Mxy�t� = M0�e−t/T2B� , �2�

here T2B is the bulk fluid relaxation time; the inverse, T2B
−1, is re-

erred to as the bulk fluid relaxation rate and results from dipole-di-
ole molecular interactions. The magnitude of T2B

−1 for a fluid de-
ends on the viscosity via the reduction of rotational mobility, the
oncentration of dissolved paramagnetic species such as dissolved
xygen, Mn2+ ions, or Fe3+ ions, and pH �Bloembergen et al., 1948;
ryar et al., 2000�.
The relaxation rate of water in a porous material is generally

ound to be greater than T2B
−1 because of two other mechanisms that

an enhance relaxation. The relaxation rate of water in a pore T2
−1

where T2 is the relaxation time�, is described as a sum of three relax-
tion rates �Brownstein and Tarr, 1979�:

T 2
−1 = T 2B

−1 + T 2s
−1 + T 2D

−1 , �3�

here T 2S
−1 is the surface relaxation rate and T 2D

−1 is the diffusion re-
axation rate �T2S and T2D are the surface and diffusion relaxation
imes.� The surface relaxation rate is determined by the interaction
hat occurs between the water protons and paramagnetic sites on the
olid surface of the pore space. In the case of fast diffusion, which as-
umes that all protons travel to and relax at the solid surface in the
ime interval of the NMR experiment, the surface relaxation rate is
iven by �Senturia and Robinson, 1970; Brownstein and Tarr, 1979�

T 2s
−1 = �2

S

V
, �4�

here S/V is the surface-area-to-volume ratio of the water-filled
ore and �2 is the surface relaxivity. The diffusion relaxation rate is
etermined by the effect of the magnetic properties of the solid on
he diffusing water molecules. The diffusion relaxation rate T 2D

−1 is
elated to the average internal gradient of the magnetic field �G� and
he diffusion coefficient of water �D� by

T 2D
−1 =

D

12
�� GtE�2, �5�

here � is the gyromagnetic ratio, and tE is the echo time—a rephas-
ng parameter used during the Carr-Purcell-Meiboom-Gill �CPMG�
ulse sequence. The CPMG pulse sequence �Carr and Purcell, 1954;
eiboom and Gill, 1958� was developed to rephase proton spins in a

olid in the presence of nonuniform magnetic fields. The average in-
ernal gradient of the magnetic field is caused by the magnetic sus-
eptibility of each phase in the geologic material, and by the differ-
nces in susceptibility between the phases. Ferrihydrite, goethite,
ematite, and lepidocrocite are antiferromagnetic minerals with
agnetic susceptibilities ranging from 0.5�10−3 to 40�10−3 SI.
agnetate is a ferrimagnetic mineral with a magnetic susceptibility

anging from 1000�10−3 to 5700�10−3 SI. Quartz and water are
oth diamagnetic, with the magnetic susceptibility of quartz ranging
rom −13�10−6 to −17�10−6 SI, and the magnetic susceptibility of
ater equal to −9�10−6 SI �Hunt et al., 1995; Cornell and Schwert-
ann, 2003�.
When water saturates a geological material with a range of pore

izes, a multiexponential decay is observed,

M�t� = �
i

mie
−t/T2i, �6�

here mi is proportional to the number of moles of 1H relaxing with
ate T2i

−1 and M�0� is proportional to the total moles of 1H. The values
f mi versus T2i are often plotted to show the distribution of relax-
tion times. In studies of the NMR response of porous materials, the
rithmetic mean of log T2 �T2ML� is typically calculated from the dis-
ribution of relaxation times and used to represent the relaxation be-
avior. Equation 3 then becomes

T 2ML
−1 = T 2B

−1 + T 2s
−1 + T 2D

−1 , �7�

here T 2B
−1, T 2s

−1, T 2D
−1 are now taken to be average values for the entire

ore space of the sample material instead of a single pore. T 2S
−1 is still

escribed by equation 4, but �2 and S/V are average values. Current
MR theory associates the average �2 with the paramagnetic species

i.e., unpaired electrons� on the surface of the pore space within the
ampled material �Brownstein and Tarr, 1979; Godefroy et al.,
001�.

To investigate the effect of the mineralogic form of Fe�III� on the
MR response of a geologic material, we conducted a laboratory

tudy to compare the magnitude of the five averaged parameters
2ML
−1 , T 2B

−1, T 2s
−1, T 2D

−1 , and �2, for water-saturated samples containing
ure quartz and five different iron oxides, with known concentra-
ions of Fe�III�. This allowed us to quantify changes in T −1 with
2ML
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The effect of iron oxides on proton NMR E29
hanges in mineralogy and determine which relaxation mechanism
bulk fluid, surface, or diffusion� was responsible for any observed
hange in T 2ML

−1 .

METHODS AND MATERIALS

aterials and NMR sample preparation

In order to determine the NMR response of the selected iron ox-
des, we prepared samples of quartz sand coated with the iron oxides.
his allowed us to control the concentration of iron in the samples
nd prevented the iron oxides from forming aggregates. Quartz sand
99.995%, �40 mesh, silicon �IV� dioxide, Alfa Aesar� was used in
his study as an analog for a naturally occurring mineral surface. The
uartz sand was rinsed with 10% HCl deionized water �18 M� · cm�
o remove paramagnetic species, then coated with the iron oxides:
errihydrite, goethite, hematite, lepidocrocite, and magnetite.

The same general procedure was used to prepare quartz sand coat-
d with ferrihydrite, goethite, hematite and lepidocrocite. First, the
ron oxide was synthesized. Ferrihydrite was synthesized by the ti-
ration of Fe�NO3�3 ·9H2O �0.4 mol/L� with 1 mol/L NaOH to pH 7
Hansel et al., 2003�; goethite was synthesized by the slow oxidation
f FeCl2 ·4H2O solution �Schwertmann and Cornell, 2000�; hema-
ite was synthesized by the forced hydrolysis of Fe�NO3�3 ·9H2O
0.4 mol/L� solution �Schwertmann and Cornell, 2000�; and lepi-
ocrocite was synthesized by the hydrolysis of FeCl2 ·4H2O
0.2 mol/L� kept at ph 6.7, using 1 mol/L NaOH �Schwertmann and
ornell, 2000�. The synthesized iron oxides were then washed with
eionized water to remove excess salts. Slurries composed of the
ynthesized iron oxides and deionized water were mixed with sand
o obtain a mixture containing 1% iron by weight �calculated stoichi-
metrically�; this mixture was allowed to dry. The iron-coated sands
ere subsequently washed three times with deionized water. Once

oated, the mineral compositions of the synthesized iron oxides
ere confirmed using X-ray diffraction spectrometry.
Powdered, synthetic magnetite, in the form of synthetic iron oxide

100% Fe3O4, Fisher Scientific�, was chosen as an analog for natu-
ally occurring magnetite. Then we followed the same procedure
sed with the other iron oxides to obtain quartz sands coated with
agnetite. Initially, the magnetite and sand were mixed to contain

% iron by weight; however, the relaxation time of the 1% mixture
as found to be too short to measure. A mixture of magnetite and

and containing 0.65% iron by weight was prepared and used in this
tudy.

MR measurement procedures

Two samples of each type of sand �pure quartz and iron-coated�
ere packed into cylindrical Teflon sample holders of interior diam-

ter 2.1 cm and height 6 cm. The porosity of each sample, packed in
he container, was measured with a Coberly-Steven Helium Pyc-
ometer. Once the porosity had been measured, the sample was satu-
ated under pressure with deionized water; this process took approx-
mately 30 minutes. NMR measurements were made approximately

hour after the saturation of the samples.
NMR relaxation data were collected using a 2.2 MHz Maran Ul-

ra NMR Core Analyzer �Resonance Instruments� using a CPMG
ulse sequence. A single data point was obtained at each echo in the
PMG pulse sequence; 32,000 echoes were used. Data were collect-
d at four echo times, tE = 300, 400, 600, and 800 �s, resulting in to-
al times for each pulse sequence of 9.6, 12.8, 19.2, and 25.6 s. The
ata were stacked 100 times to improve the signal-to-noise ratio. The
elay time between each pulse sequence was 10 s to ensure that the
ample had returned to thermal equilibrium prior to the start of the
ulse sequence. Measurements were consistently made at 30 °C.

Once the NMR measurements had been completed on the saturat-
d samples, the pore water was removed from each sample by centri-
uging and used to measure T 2B

−1. It was only necessary to measure
2B
−1 at one value of tE because no internal magnetic field gradient is

resent in fluids; we chose tE = 300 �s as a representative echo
pacing. Then, the NMR samples were dried overnight.

Three subsamples of each type of iron-coated sand were taken for
urface area analysis; two of the subsamples from one NMR sample
nd one subsample from the other. Surface area measurements were
lso made on three samples of the quartz sand. The specific surface
rea �Ss� of each sand, defined as the surface area normalized by
he mass of the sample, was measured using a Beckman-Coulter
A3100Analyzer, which produces accurate results for samples with
total surface area of 3 m2 or higher. For samples where Ss was less

hen 0.2 m2/g, the Ss measurement was repeated using a Micromerit-
cs ASAP 2020 Accelerated Surface Area and Porosimetry System,
hich produces accurate results for samples with a total surface area

s low as 1 m2. All samples were measured using the Brunauer-Em-
ett-Teller �BET� adsorption method with N2�g� as the adsorbate.

DATA ANALYSIS AND RESULTS

orosity and surface area

The measured porosity and specific surface area for each sample
re given in Table 1. The porosity ranged from 0.46 for the hematite-
oated sand to 0.50 for the goethite-coated sand. These values are the
ame, within experimental error, as the porosity of the quartz sand
ample �0.48� indicating that the addition of the iron coatings did not
ignificantly change the porosity. For the sands coated with ferrihy-
rite, goethite, hematite, and lepidocrocite, the surface area in-
reased significantly with the addition of the iron coating. The ferri-
ydrite-coated sand has a much higher surface area than the other
ron-coated sands because of its amorphous crystal structure. The
pecific surface area of the quartz sand was not changed significantly
y the addition of magnetite. S/V, also in Table 1, was calculated
rom

able 1. Physical property measurements porosity „�…,
pecific surface area „Ss…, and the calculated surface-
rea-to-volume ratio „S/V….

aterial �
Ss

�m2/g�
S/V

�1/�m�

uartz sand 0.48 ± 0.02 0.15 ± 0.02 0.48 ± 0.06

oethite-coated sand 0.50 ± 0.02 0.58 ± 0.09 1.6 ± 0.2

epidocrocite-coated
and

0.49 ± 0.02 0.27 ± 0.03 0.75 ± 0.08

errihydrite-coated sand 0.49 ± 0.02 2.5 ± 0.5 7.3 ± 0.5

ematite-coated sand 0.46 ± 0.02 0.35 ± 0.03 1.09 ± 0.09

agnetite-coated sand 0.48 ± 0.02 0.19 ± 0.02 0.48 ± 0.02
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S

V
= msSs� 1

Vp
� , �8�

here ms is the total mass of the solid component, and Vp is the vol-
me of the pore space. Vp was obtained from gravimetric measure-
ents of the sample prior to and following saturation. Errors in the

urface areas were calculated from repeated measurements and are
ttributed to the variability between samples of the same material.

and sample relaxation rates, T 2ML
−1

Each NMR data set, from all the sand samples, displayed a multi-
xponential decay of magnetization �as described by equation 6�.
he data were fit to a distribution of 200 exponentially spaced T2 val-
es ranging from 1 ms to 10 s using the regularized nonnegative
east-squares inversion routine developed by Whittall et al. �1991�.
his approach gives a less biased interpretation of the data than other
ommonly used fits �e.g., single-exponential, stretched-exponential,
r double-exponential� because it does not specify the number of re-
axation times, but instead allows any number of relaxation times be-
ween 0 and 200. The residual of each fit was examined to ensure that
he noise was Gaussian and the data had not been overfit.

The T2 distributions for the quartz sand and the iron-coated sands
re shown in Figure 1 for te = 300 �s. The quartz sand T2 distribu-
ion is a single, narrow peak; the T2 distributions for the iron-coated
ands are broader. The distributions for goethite-, lepidocrocite-, and
errihydrite-coated sand are very similar in form with one dominant
eak and other smaller peaks. The distribution of the hematite-coat-
d sand is similar in form, but the peaks are not well resolved, and the
mplitude of the dominant peak is lower than seen for the other three
ands. The magnetite-coated sand has multiple unresolved peaks
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igure 1. Normalized relaxation time distributions for quartz sand, f
ocrocite-coated sand, and magnetite-coated sand.
pread over several decades but does not contain a clear dominant
eak.

The relaxation time distributions were used to determine T 2ML
−1 for

he samples. These values for tE = 300 �s are given in Table 2. As
xpected, the presence of iron in a sample always results in a value
or T 2ML

−1 greater than T 2ML
−1 for the pure quartz sand. However, as

een in Table 2, it is not simply the amount of iron present that can
xplain the magnitude of T 2ML

−1 . The ferrihydrite-, goethite-, hema-
ite-, and lepidocrocite-coated sands all contained the same amount
f iron, but have markedly different values for T 2ML

−1 .And the magne-
ite-coated sand, which contained the least amount of iron, has the
reatest relaxation rate. In the following sections, we compare the
veraged values T 2B

−1, T 2D
−1 , and T 2S

−1 to determine the mechanism
bulk fluid, surface, or diffusion� by which the change in the mineral-
gy of the samples has affected T 2ML

−1 .

ulk fluid relaxation rates, T 2B
−1

The NMR relaxation rates for the bulk fluids, extracted from the
amples, are given in Table 2. To obtain these values of T 2B

−1, the
MR relaxation data for the extracted bulk fluids were fit to a single-

xponential decay using a least-squares algorithm. Analysis of the
esiduals indicated that a single-exponential decay was a valid as-
umption. The relaxation rate for deionized water was found to be
.328 s−1. The values of T 2B

−1 for the fluids from the quartz sand, the
oethite-coated sand, and the hematite-coated sand were the same,
ithin experimental error, as T 2B

−1 of deionized water. The T 2B
−1 values

or the fluids from the ferrihydrite-coated sand, the lepidocrocite-
oated sand, and the magnetite sand were 0.411 s−1, 0.344 s−1, and
.90 s−1, respectively. The increase in T 2B

−1 from that of deionized wa-
er is most likely because of the presence of dissolved paramagnetic
pecies or suspended mineral particles.
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The effect of iron oxides on proton NMR E31
iffusion relaxation rates, T 2D
−1

The magnitude of the diffusion relaxation
erm, T 2D

−1 , in the NMR response of a sample can
e determined by measuring the dependence of
2ML
−1 on echo time tE. As can be seen from equa-

ions 5 and 7, a plot of T 2ML
−1 versus the square of

he echo time �tE
2� will yield a straight line with

lope equal to D��G�2/12. Figure 2 shows this
lot for one sample of each of the iron-coated
ands. The value of T 2ML

−1 for the sands coated
ith ferrihydrite, goethite, hematite, and lepi-
ocrocite shows negligible dependence on tE

2, in-
icating that D��G�2/12 from equation 5 is zero,
ithin experimental error. Given that D and � are
onzero, this means that G = 0 �i.e., there are no
nternal gradients in the magnetic field�. The val-
e of T 2D

−1 for these samples, as given in Table 2, is
ero.

T 2ML
−1 for sand coated with magnetite shows a

ignificant dependence on tE
2. This indicates that

he presence of magnetite causes internal gradi-
nts in the magnetic field �G�0�, as expected
iven its high magnetic susceptibility. The value
f D��G�2/12, obtained from the least squares fit
f T 2ML

−1 versus tE
2, was used to calculate T 2D

−1 ac-
ording to equation 5. At tE = 300 �s, the value
f T 2D

−1 was 17 s−1 as shown in Table 2. It is clear
rom this that the presence of magnetite will re-
ult in a significant contribution to the measured
elaxation rate from the diffusion relaxation
echanism.

urface relaxation rates, T 2s
−1

The final parameter to be assessed is the sur-
ace relaxation rate. The values of T 2s

−1 deter-
ined using equation 7 for all samples are shown

n Table 2. For the ferrihydrite-, goethite-, hema-
ite-, and lepidocrocite-coated sands, and the
uartz sand, T 2s

−1 was calculated from equation 7
ith T 2D

−1 = 0. For the magnetite-coated sand, the
elaxation rate extrapolated to tE

2 = 0 �where T 2ML
−1 = T 2B

−1 + T 2s
−1�

as used to calculate T 2s
−1. Values of T 2s

−1 for the samples range from
.16 s−1 for quartz sand to 125 s−1 for the magnetite-coated sand. As
an be seen by reviewing these values in Table 2, it is the variation in
his term that is responsible for the variation seen in the NMR relax-
tion rates for the samples. In fact, the magnitude of this term is very
lose to the magnitude of T 2ML

−1 for the ferrihydrite-, goethite-, hema-
ite-, and lepidocrocite-coated sands.

The value of T 2s
−1 for a material is determined by both S/V and the

urface relaxivity �2. The values of S/V are given in Table 1, and the
alues of �2, computed from T 2s

−1 using equation 4, are given in Table
. The values of �2 range from 0.31 �m/s for quartz sand to
27 �m/s for magnetite-coated sand. The small �2 for the quartz
and indicates that there are little to no paramagnetic species in this
and. Of specific interest is the observed variation in �2 for the iron-
oated sands. In this study, the variations in �2 cannot be attributed to
ariation in the concentration of iron. The ferrihydrite-, goethite-,
ematite-, and lepidocrocite-coated sands all contained an iron con-

Table 2. NM
T 2ML

−1 and T 2
−

Material

Quartz sand

Goethite-
coated sand

Lepidocrocite
coated sand

Ferrihydrite-
coated sand

Hematite-
coated sand

Magnetite-
coated sand

0
0

50

100

150

200
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300

1
1
1
0

1

1/
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m
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1/
s)

Figure 2. Plot
echo-time �tE

2

sand, hematite
entration of 1%. The magnetite-coated sand contained 0.65% mag-
etite and, despite its lower iron content, has a very large �2 value.
he variation in �2 most likely reflects a difference in parameters
uch as the density and distribution of paramagnetic species on the
urface of the pores, the distance between the relaxing protons and
he paramagnetic species, and the spin quantum number associated
ith the paramagnetic species. These parameters have been previ-
usly shown to have an effect on �2 �Godefroy et al., 2001�. Identify-
ng and quantifying the parameters that are the fundamental cause of
hese variations is a topic of ongoing research, and requires charac-
erizing the hydrated surface structure of each iron-oxide mineral.

CONCLUSIONS

The measurements from this study show conclusively that the
MR relaxation rate of a water-saturated sand is affected by both the
resence and the mineralogical form of iron. The dominant effect of
errihydrite, goethite, hematite, lepidocrocite, and magnetite was to
ncrease T −1, the magnitude of which is determined by S/V and � .

xation rates and calculated relaxation parameters. Both
agnetite were calculated at tE = 300 �s.

T 2ML
−1

�s−1�
T 2B

−1

�s−1�
T 2S

−1

�s−1�
T 2D

−1

�s−1� �2 ��m/s�

9 ± 0.02 0.328 ± 0.005 0.16 ± 0.02 0 0.31 ± 0.04

.9 ± 0.1 0.326 ± 0.006 2.57 ± 0.05 0 1.61 ± 0.03

.4 ± 0.1 0.344 ± 0.006 4.1 ± 0.2 0 5.4 ± 0.2

6 ± 1 0.411 ± 0.008 16 ± 2 0 2.2 ± 0.3

0 ± 2 0.329 ± 0.006 19 ± 2 0 17.9 ± 0.5

3 ± 19 0.90 ± 0.04 125 ± 15 17 ± 2 292 ± 5

2 3 4 5 6 7 x105

hite-coated sand
atite-coated sand
ocrocite-coated sand
agnetite-coated sand

hydrite-coated sand

tE
2 (µs)

transverse relaxation rate �T 2ML
−1 � as a function of the square of the

rrihydrite-coated sand, goethite-coated sand, lepidocrocite-coated
d sand, and magnetite-coated sand.
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E32 Keating and Knight
e found that the value of �2 was very different for the different iron
xides; with additional research needed to determine the fundamen-
al cause of these observed differences. The addition of magnetite to
he quartz sand resulted in internal gradients and a contribution to

2ML
−1 from the diffusion relaxation mechanism.
In order to use NMR relaxation rates to obtain accurate estimates

f permeability in geologic materials, we need to be able to account
or the effects of iron-oxide minerals.Although this laboratory study
as been a start, we believe that it is necessary to explore a larger
ange of iron minerals and to further investigate the mechanisms
ontrolling the changes in relaxation behavior that we observed.
uantifying the physical properties of minerals that lead to varia-

ions in relaxation rates will enhance our fundamental understanding
f NMR relaxation and ultimately provide improved interpretation
f NMR data.
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