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The 1H NMR spin–lattice relaxation time, T1, of saturated sands
depended on the chemistry of the pore fluid, pore size distribution,
and relaxivity of the surface. In the absence of paramagnetic
impurities, surface relaxivities of quartz sand and silica gel sam-
ples of known porosity and surface area at any pH were lower than
any previously reported values. Relaxation rate of the bulk pore
fluid increased linearly with increasing Fe(III) concentration and
varied with speciation of the ion. With only 0.01% of the silica
surface sites occupied by sorbed Fe(III) ions, surface relaxivity
increased by an order of magnitude. In addition, low concentra-
tions of Fe(III)-bearing solid phases present as surface coatings or
as separate mineral grains increased surface relaxation as much as
two orders of magnitude. We believe that observations of relatively
constant surface relaxivity in rocks by previous researchers were
the result of consistently high surface concentrations of paramag-
netic materials. © 2000 Academic Press

Key Words: paramagnetic cations; paramagnetic solids;
iron(III); porous media; spin relaxation.

INTRODUCTION

Nuclear magnetic resonance (NMR) has become w
used in the geophysical community in the past ten year1H

MR relaxation measurements have been used to estim
ide variety of petrophysical properties, including poros
ater saturation, pore size distribution, permeability, c
ound water fraction, and wettability of the solid (1–7). Of
pecific interest in recent hydrogeologic studies has bee
se of measured NMR relaxation times to obtain informa
bout pore sizes in rocks and sediments. Field measure
btained with a surface loop NMR instrument have been

o determine the average pore size in a volume of the su
ace, allowing subsequent classification of the soil as
and, or gravel (8). In addition, NMR measurements in t

laboratory have been interpreted to determine pore size d
bution of aquifer materials (9). While it is often assumed th
changes in relaxation time correspond to changes in pore
it is well known that the presence of paramagnetic ions
significantly affect NMR relaxation times (10). The presenc

1 To whom correspondence should be addressed. E-mail: br
eop.ubc.ca.
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of paramagnetic materials might therefore introduce signifi
error into pore size calculations and complicate the compa
of two materials with different paramagnetic content. Altho
Fe(III) and Mn(II) are generally the most abundant param
netic substances in rocks (11) and can vary dramatically
concentration and speciation in subsurface materials, the
not been a thorough study of their potential effects on the N
signal. The objective of our research is to completely cha
terize the effects of paramagnetic Fe(III) species on NM
saturated porous materials.

The fact that dissolved paramagnetic ions affect the N
signal is exploited in borehole NMR logging (12) where the
addition of paramagnetic ions, such as manganese salts,
used to reduce the relaxation time of water; this mak
possible to separate the response of the water from that
hydrocarbon. However, most researchers have assess
role of dissolved paramagnetic ions in NMR of natural g
logic materials to be minimal. For example, Vogeley
Moses (13) have concluded that concentrations of aque
Fe(III) and Mn(II) will be too small to influence NMR me
surements due to the low solubilities of most iron- and m
ganese-bearing minerals.

In a detailed study of the effect of solid paramagnetic
cies, Foleyet al. (14) manufactured synthetic calcium silica
containing known concentrations of Fe(III) or Mn(II) oxid
They found that relaxation rates for the fluid-saturated po
solids were similar to those observed for natural materials
were proportional to the concentration of paramagnetic io
the solid. However, the rate only varied by a factor of 5 o
the entire range of iron and manganese concentrations
whereas pore size distributions in natural materials typical
4 orders of magnitude. This relatively small paramagn
effect might explain the apparent insensitivity of NMR m
surements to the presence of Fe(III)- and Mn(II)-bearing
erals (15), but it is somewhat surprising considering the str
dependence of NMR on dissolved paramagnetic ion con
tration.

Another recent study looked at the effect of paramag
ions adsorbed to the solid phase. Kenyon and Kolleeny16)
found that manganese ions adsorbed to calcite relaxe
system faster than aqueous Mn21. However, interpretation o
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75EFFECT OF FE(III) ON NMR IN POROUS MEDIA
their experiments involving the adsorption of Fe(II) was c
plicated by oxidation of some of the iron and precipitation
Fe(III) oxyhydroxide.

The objectives of our research were to investigate and q
tify the effect of Fe(III) on the NMR response of geolo
materials, taking into account the concentration and chem
form of iron and its location in the rock–water system. S
cifically, we measured NMR relaxation rates for water m
cules interacting with Fe(III) ions in solution, adsorbed to s
surfaces, precipitated onto the surface, and present in d
iron-bearing minerals. Our aim is to develop a single m
which would predict relaxation parameters for a quartz
and which would account for varying quantities of Fe(III)
these four states. This will allow for more accurate and m
ingful interpretation of NMR data for the characterization
porous materials in both laboratory and field studies.

RELAXATION THEORY IN POROUS MEDIA

For a liquid, the nuclear magnetic relaxation proces
coupled with diffusion. If we defineM(t) as the longitudina
component of1H nuclear spin magnetization per unit volum
time t, thenM satisfies the diffusion–Bloch equation (17, 18),

M

t
5 D¹ 2M 2

M

T1b
, [1]

hereD is the self-diffusion coefficient of the bulk liquid a
1b is the bulk liquid relaxation time constant. When the liq

is confined in a pore, the relaxation time is often found to
much less thanT1b. This increased relaxation has been at
uted to the presence of relaxation sites on the surface o
solid. 1H nuclear spins in water molecules present in the
pore fluid and adsorbed to the surface of the pore rela
different rates,T1b

21 andT1s
21, respectively. The two relaxatio

mechanisms contribute in parallel to the decay,

1

T1
5

1

T1b
1

1

T1s
. [2]

dsorbed water molecules exchange with those in the
ore fluid. If the exchange is fast enough to maintain unif
agnetization across the pore during decay, that is, if all w
olecules interact with the surface during the lifetime of
ecay, then the surface relaxation time is proportional to
ize. The observed relaxation rate will be

1

T1
5

1

T1b
1 rSS

VD
pore

, whenr ! DSS

VD , [3]

where (S/V) is the surface area to volume ratio of the pore
r, called the surface relaxivity, is a parameter character
the effectiveness of the pore surface relaxation (17, 18). Rocks
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and unconsolidated sands have a distribution of pore siz
the observed relaxation of nuclear spin magnetization will
sum of single-exponential decay terms, one for each uniq
sized pore space experienced by the fluid molecules.

M~t! 5 O
i

miexp~2t /Ti1!, [4]

where eachmi is proportional to the number of1H nuclea
spins relaxing with relaxation timeTi1. To effectively calculat
pore size distributions for a rock sample from distribution
relaxation times, accurate values for surface relaxivity (r) are
equired.

Our central objective in this study is to account for the
f paramagnetic Fe(III) species in the NMR response.

herefore require a theoretical framework that describes
ontributions of paramagnetic species to the measured
tion rate. The NMR relaxation theory for paramagnetic
ies in solution was originally developed by Solomon (19) and

later extended by Bloembergen and Morgan (20). For solutions
containing paramagnetic ions, the relaxation rate,T1b

21, is a sum
f the paramagnetic and diamagnetic contributions,

1

T1b
5

x

T1M 1 tM
1

1

T1W
, [5]

wherex is the mole fraction of water molecules in the hyd
tion shell of the paramagnetic ion,tM is the residence time
the water molecules in the hydration shell of the ion,T1M is the
relaxation time of a1H nuclear spin in the hydration shell, a
T1W is the relaxation time of pure bulk water. Thus, b
relaxation rate is proportional to paramagnetic ion conce
tion as well as the number of water molecules in the hydra
sphere of an ion. Experiments with small chelates of Fe31 in
water have shown that contributions to relaxation from w
molecules outside the first hydration shell are negligible (21).

he paramagnetic relaxation time (T1M) is determined by th
interaction between a1H nuclear spin on an inner-sphere wa
molecule and the electron spin (S) of the paramagnetic io
(22, 23):

1

T1M
5

2

3 SAs

\ D 2

S~S1 1!F tc2

1 1 ~vStc2!
2G 1

2

15 SAd

\ D 2

3 S~S1 1!F 3tc1

1 1 ~v Itc1!
2 1

7tc2

1 1 ~vStc2!
2G . [6]

S, the spin quantum number, varies with the number of
paired electrons in the paramagnetic ion (S 5 2.5 for Fe(III)
and Mn(II) butS 5 0.5 for Cu(II)).tc1 andtc2 are correlatio
times, which vary with the residence time of water molec
in the hydration sphere, the time constant for molecular
tion, and the time constant for electron spin relaxation ca
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76 BRYAR, DAUGHNEY, AND KNIGHT
by the fluctuation of the spin (S) among its various possib
quantum states.v I andvS are the Larmor frequencies for t
nucleus and the electron, respectively.As and Ad are the
coupling constants for the interactions between the nuclea
electron spins.Ad depends inversely onr 3, where r is the
distance between the proton and the center of the parama
ion.

Kleinberg, Kenyon, and Mitra (22) further extended th
heory to discuss relaxation of fluids at solid surfaces inco
ating the ideas of Korringa, Seevers, and Torrey (23). They
xplicitly included the effect of paramagnetic surface site

heir model. The paramagnetic sites can either be surface
n the crystal lattice, paramagnetic crystal defects, or adso
aramagnetic ions. The surface relaxation rate,T1S

21, is given by

1

T1S
5

x

T1M 1 tM
1

1 2 x

T1N 1 tN
. [7]

T1N is the relaxation time of the adsorbed fluid protons
influenced by paramagnetic species andtN is the correspondin
residence time of water molecules at the surface. In the ca
water molecules adsorbed to a paramagnetic-bearing m
surface,x is the mole fraction of adsorbed water molecu
close enough to a paramagnetic site in the solid for th1H
nuclear spin to couple to the paramagnetic spin,S. This dis-
tance is effectively the thickness of one monolayer of w
For paramagnetic ions sorbed to a solid surface,x becomes th
mole fraction of adsorbed water molecules within the in
coordination sphere of the ion.

Although Eq. [6], describing the paramagnetic relaxa
time,T1M, applies equally to paramagnetic ions in solution
paramagnetic surfaces, the magnitude of some of the pa
ters differs for the solid and solution cases, and the cou
constants and correlation times change upon adsorption
ion to a mineral surface. For example,Ad for relaxation a
surfaces is different from the solution value because o
anisotropy of restricted rotational motion.As varies when
bonding in the ion complex changes, affecting the deloca
tion of the unpaired electrons. If adsorption reduces the nu
of water molecules in the hydration shell of the ion, the sur
relaxation rate,T1s

21, would decrease. For Mn21, the hydration
shell of the adsorbed ion is retained upon sorption to a su
(24) but this is not necessarily true for the adsorption of Fe
ions. Both the residence time of water molecules in the hy
tion shell of an Fe(III) ion and correlation times,tc1 andtc2, for

lectron spin relaxation can differ by several orders of ma
ude for ions in solution and on a surface.

METHODS AND MATERIALS

Materials and NMR Sample Preparation

Silica gel (60 Å, 70–230 mesh, BDH Inc.) and quartz s
(99.995%,.40 mesh, silicon(IV) dioxide, Aesar) were used
nd
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this study as analogs for naturally occurring mineral surfa
Both materials were rinsed repeatedly with 10% HCl
distilled, deionized (DDI) water (18 MV cm) to remove para
magnetic impurities. Surface areas were measured b
Brunauer–Emmett–Teller (BET) N2 adsorption method an
grain densities were measured with a helium pycnometer
properties of these materials are listed in Table 1.

Saturated solid samples for NMR were prepared by mi
10.0 g of solid with 50.0 mL of 0.01 M NaCl electrolyte
acid-washed Nalgene plastic bottles. pH was adjusted
reagent grade HCl or NaOH solutions and the mixtures
equilibrated for 3 days at 25.0°C in a tumbler. After equilib
tion, excess pore fluid was removed and filtered using 0.45mm,
hydrophilic polyether sulfone filters (Gelman, Supor A
disk). Filtered solutions were analyzed for metals by ind
tively coupled plasma atomic emission spectroscopy (
AES, Analytical Service Laboratories Ltd., Vancouver, Ca
da). Representative, 1 mL samples of the saturated solid
transferred to 10 mm o.d. NMR tubes (Wilmad Glass)
centrifuged for 5 min to ensure uniform packing and consis
porosity. All excess pore fluid was removed from the surfac
the sample before NMR data were collected. The NMR
lids were sealed with Parafilm to minimize water loss. M
surements of the relaxation time of the bulk pore fluids (T1b)
were made using approximately 0.5 mL of the filtered, eq
ibrated pore fluid in an NMR tube. The method descr
above was necessary to ensure an adequate quantity of
ibrated pore fluid for chemical tests andT1b determination. Th
process required that NMR samples not be degasse
weighed before and after saturation. Consequently, the
fluid contained dissolved oxygen, and porosity could no
obtained from integrals of theT1 distribution peak amplitude
Porosity was measured independently using represen
samples.

Paramagnetic solutions were prepared in DDI water u
Fe(NO3)3 z 9H2O. NMR measurements were carried out
bulk Fe(III) solutions at pH;2.5 for concentrations from 0
o 10.0 mg Fe L21. To investigate variation ofT1b with pH,
solutions from 0.0 to 5.0 mg Fe L21 were prepared at pH 1.
from 0.0 to 2.8 mg Fe L21 at pH 2.0, and from 0.0 to 0.5 m
Fe L21 at pH 3.0.

TABLE 1
Properties of Materials Used in This Study

Property
Silica
gel

Quartz
sand Pseudobrooki

rain size distribution 70–230
mesh

50–200
mesh

,100 mesh

urface area (m2 g21) 356 0.20 0.1
rain density (g cm23) 2.1 2.65 4.36

Porosity 0.77 0.45 Not applicabl
Surface area to pore

volume ratio (mm21)
223 0.65 Not applicable
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77EFFECT OF FE(III) ON NMR IN POROUS MEDIA
To assess the influence of paramagnetic Fe(III) ions
sorbed to sand surfaces, quartz sand was equilibrated
acidic, dilute (0.50 mg Fe L21) solutions of Fe(III). pH wa
varied from 1.0 to 3.2 to control the fraction of ions adsor
to the solid. The adsorption experiment was repeated
silica gel equilibrated with 5.0 mg Fe L21 solutions of Fe(III)
taking advantage of the gel’s high surface area to increas
amount of iron sorbed to the surface. The extent of
sorption was determined by the disappearance of Fe
solution. Solutions were filtered, acidified, and analyzed
flame atomic absorption spectroscopy (FAA). Although the
of pore fluids in natural settings will not be as low as those
in this experiment, we used acidic solutions to avoid pre
tation of solid phases, which would complicate interpreta
of the results.

The paramagnetic mineral selected for this study
pseudobrookite (Fe2TiO5, ,100 mesh, Sigma), because it w
available in pure form with a grain size distribution simila
that of the silica gel (Table 1). Saturated homogeneous
tures of silica gel and Fe2TiO5 (from 0.5 to 25% by weigh
were prepared to assess the influence of paramagnetic m
on NMR relaxation. The porosities of the silica gel–pseu
brookite mixtures were the same (within 1%) as that of s
gel. The pH of the pore fluid was kept between 5.5 and 5
minimize solubility of the mineral. In this pH range, dissolv
iron concentrations are less than 1027 M.

To evaluate the influence of iron(III) oxyhydroxide coatin
eight silica gel samples and two quartz sand samples
different amounts of iron(III) oxyhydroxide coatings were p
pared by the method of Granthamet al. (25). Mixtures of
aqueous FeSO4 and sand or gel were oxidized by the addi
of excess 30% H2O2 and left standing overnight. The ir

xyhydroxide-coated solids were then rinsed with DDI w
nd dried. Within experimental error, neither the porosity

he surface area of the solids was affected by the coatings
istribution of the iron on the coated surface was investig
ualitatively by energy-dispersion spectrometry (EDS) usi
hilips XL-30 scanning electron microscope (SEM). The o
ydroxide precipitate did not always form a uniform coat
hus, not all of the precipitated Fe(III) atoms are necess
urface atoms, because they may be buried beneath
olecules of Fe(III) oxyhydroxide. The amount of iron on e
el and sand sample (mg of Fe g21 of solid) was determined b

leaching the iron from a representative subsample of the
with 10% HCl and determining iron concentration by FAA

NMR Experiments

Relaxation data were collected using a 90 MHz1H NMR
pectrometer (Bruker) with a 2.2 T iron-core electroma
nd an SXP probe (10ms dead time). A modified inversion
ecovery pulse program was used, in which the free indu
ecay (FID) from a [180°–t–90°] pulse sequence is subtrac

from the FID from a 90° pulse (equivalent to a measureme
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infinite t). This pulse sequence has the advantage that it i
sensitive to imperfections in the 180° pulse. It always g
zero amplitude ast approaches infinity,

M~t! 5 M0exp~2t /T1!, [8]

and thus can be fitted with only two parameters (M 0 andT1).
The original inversion–recovery experiment requires a th
parameter fit (M 0, e, T1) because imperfect 180° pulses g
the dependency

M~t! 5 M0@1 2 e 2 exp~2t /Ti1!#, [9]

where e , 1. Data for each sample were collected at ro
temperature, with 30 randomly sequenced, exponen
spaced (from 0.5 ms to 12 s), delay times (t) summed 24 time
The wait time between scans was 15 s. There were no e
rative losses of water from the sample during data collec
Both intensity and standard deviation of the intensity w
recorded for eacht; the signal-to-noise ratio of the data w
always greater than 300.

The multiexponential decay of magnetization (Eq. [4])
fit to a distribution of 160 exponentially spacedT1 values
(ranging from 1 ms to 10 s) using regularized nonnega
least-squares and least-distance inversion routines (26, 27).
Since this approach does not assume any particular mo
gives a less biased interpretation of the data than a s
exponential, stretched-exponential, or double-exponentia
Ideally, to avoid artifacts resulting from inversion, the solu
space should be continuous with width (1 ms to 10 s) less
the range of data collected (0.5 ms to 12 s). We limited thT1

distribution to 160 points to keep processing time down.
regularized relaxation time distributions were calculated
Relax-NMR (Frank Linseisen, University of British Columb
Department of Physics, Vancouver, Canada; personal co
nication, 1998). Inversion parameters were selected so
each datum was misfit by approximately one standard d
tion. For convenience in comparison of data, the reporteT1

value for a measurement is the geometric mean of the d
bution. Uncertainties inT1 were obtained by repeat measu
ments. In the case of a monomodal distribution, the geom
meanT1 is equal (within experimental error) to theT1 value

btained from a fit to a single-exponential decay if the di
ution is sufficiently narrow. Surface relaxivity values w
alculated using Eq. [3] with the substitution

SS

VD
pore

5
1 2 f

f SS

VD
grain

5
1 2 f

f S S

mD
g

rg, [10]

wheref is porosity, (S/m) is the surface area to mass of
grains (m2 g21) obtained from BET N2 adsorption, andrg is the
grain density.
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78 BRYAR, DAUGHNEY, AND KNIGHT
RESULTS AND DISCUSSION

NMR of Saturated Pure Quartz Sand and Silica Gel

The first set of measurements was made on the san
silica gel samples saturated with 0.01 M NaCl solutions
pH varying from 1 to 8. NMR measurements were made o
extracted pore fluids (after equilibration with the solids) an
the saturated porous samples. The relaxation time determ
for the pore fluid and the relaxation distributions for the wa
saturated silica gel and sand at pH 5 are shown in Fig. 1
form of these data is typical of all the measurements in this
set of experiments. The amplitude on this plot is a measu
the amount of water relaxing with each relaxation timeT1i , but
the fact that the three distributions in Fig. 1 have diffe
amplitudes simply means that the mass of each sample
different. The amplitude can be normalized to give an ind
tion of total water-filled porosity, but we have not done s
this study. The bulk pore fluids, extracted from the satur
sand and gel samples, were always found to have a s
relaxation time, indicating that all water molecules in
electrolyte relax at the same rate. In contrast, the distribu
for the silica gel and the sand were both found to be m
modal, with the distribution for the gel slightly broader th
that for the sand; this is due to the gel’s broader distributio
pore size. It is interesting to note that the microporosity o
gels does not produce a separate peak with lowT1. The
relaxation is slow enough to allow diffusion of the wa
molecules between micropores and macropores; thus tT1

distribution reflects the average pore size distribution (28).
The relaxation times for extracted pore fluid, saturated s

els (11 samples), and quartz sands (17 samples) show
ependence on pH for either the bulk fluids or the satu
olids. We conclude that protonation of surface-bound w
olecules has no direct effect onT or r. Our results sugge

FIG. 1. NMR spin–lattice relaxation time (T1) distribution of extracte
pore fluid, saturated pure quartz sand, and saturated silica gel at pH
amplitudes have not been normalized to water content to indicate poro
1
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that the increase in surface relaxivity at low pH observed
natural sand (29) cannot be explained by the protonation
adsorbed water molecules alone.

The relaxation timeT1b of the bulk fluids was found to b
equal to 2.886 0.04 s. This value is less than the relaxa
time of 3.3 s that has been determined for pure water a
temperature and magnetic field (30) and is due to the presen

f dissolved O2 (31). The presence of oxygen in the samp
was required to stabilize the iron in the desired13 oxidation
state. The oxygen did not affect the already oxidized su
minerals nor did it interfere with ion–surface interactions.
oxygen was evenly distributed throughout the unconsolid
samples used in this study. If rock cores had been used in
of sand, some pores could have remained anoxic even wh
sample was saturated with oxygenated fluid.

The relaxation time for the saturated silica gel is 1.66
0.09 s, significantly lower than that of the bulk pore fluids
to the high surface area of this material. Surface relaxivityr)
of the silica gel, calculated using Eq. [3], was (1.26 0.2) 3
1023 mm s21, slightly lower than relaxivities reported by p
vious researchers (Table 2) for similar materials.

The relaxation time for the saturated sand is 2.816 0.05 s
ery close to theT1b of the bulk fluid, and the highestT1 value

ever reported in the literature for a water-wet mineral surf
Surface relaxivity (r) of the sand, calculated from the m
suredT1 and T1b values using Eq. [3], was found to be z
within experimental error (0.0136 0.015mm s21). This is a
least an order of magnitude lower than any previously rep
value for silica sand or sandstone (Table 2). For example
relaxivity reported for pure quartz grains used in (16) was 0.83
mm s21, the residual relaxivity of synthetic calcium silica
with no added paramagnetic ions was 0.406–4.04mm s21 (14),
and silica sand had surface relaxivity ranging from 2.89 to
mm s21 (9). We believe that we have obtained this low valu
surface relaxivity for our quartz sand because of the puri
the quartz that we have used and suggest that the higher
reported in the literature result from trace impurities of p
magnetic minerals in the samples. The implication of th
results is that variations in surface relaxivity are potentiall

TABLE 2
Surface Relaxivity Parameter for Porous Materials

Material
Surface relaxivity,r

(mm s21) Reference

ilica gel 1.23 1023 This work
orous silica glass 1.83 1023 (37)
ilica gel 4.23 1023 (38)
ilica gel (3.1–7.7)3 1023 (9)
uartz sand 0.0 (i.e., 0.0136 0.015) This work
uartz 0.83 (16)
ynthetic Ca silicate 0.406–4.04 (14)
ilica sand 2.89–3.06 (9)
andstone rocks 9.0–46 (34)

he
.
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79EFFECT OF FE(III) ON NMR IN POROUS MEDIA
significant as variations in pore size; both properties can
by several orders of magnitude, so observed differenc
relaxation time cannot necessarily be attributed to differe
in pore size.

NMR of Fe(III) Ions in Solution

NMR measurements on iron solutions were carried o
explore the relationship between relaxation time and Fe(III
concentration as well as the influence of ion speciation onT1.
Relaxation time distributions calculated from the NMR m
surements consisted of a single discrete relaxation tim
expected for solutions. The relaxation rate increased lin
with concentration of Fe(III) at pH;2.5 (Fig. 2a). The scatt
in the data was the result of small variations in pH. The timtM

1 T (residence time of water molecules in the inner c

FIG. 2. Dependence of relaxation rate of bulk solutions on Fe(III)
concentration: (a) at pH roughly 2.5; (b) at pH 1.0, 2.0, and 3.0. To imp
legibility of (b), data points for pH 2.0 are not shown; the linear fit is give
their place.
1M
ry
in

es

to
n

-
as
rly

-

dination sphere of Fe(III) plus the relaxation time of pro
nuclear spins in those water molecules), calculated from
slope of Fig. 2a using Eq. [5], was approximately 10ms. For
NMR of saturated sandstones, there is some precede
settingtM 1 T1M ' T1M (22, 32). However, Bertiniet al. (33)
have shown thattM can be almost as large asT1M for aqueou
solutions of Fe31 at room temperature. Because this ambig
cannot be resolved without measurements at different tem
atures, we will discuss variations in the sumtM 1 T1M rather
than variations inT1M.

T1b of solutions cannot be predicted entirely on the bas
total dissolved Fe concentration because relaxation rat
Fe(III) solutions are sensitive to pH-dependent speciatio
the ion. For solutions of the same iron concentration,T1b

decreased with pH (Fig. 2b). For example, relaxation time
0.5 mg Fe L21 solution was 0.3 s lower at pH 1 than at pH
At pH 1, Fe(III) is present mostly as [Fe(H2O)6]

31, but at pH 3
hydrolysis reactions change the iron to a mixture
[Fe(H2O)6]

31, [Fe(H2O)5OH]21, and [Fe(H2O)4(OH)2]
1. Al-

though all species contain Fe(III), the number of exchange
water molecules in the hydration sphere decreases as p
creases, decreasing relaxation rate.

When differences in iron speciation are taken into acco
tM 1 T1M can be calculated for each of the three iron c
plexes from the slopes of the three lines in Fig. 2b using Eq
by assuming that the observedtM 1 T1M is a weighted averag
of each complex’stM 1 T1M. These values are shown in Ta
3 along with representative values from the literature.tM 1
T1M for [Fe(H2O)6]

31 and [Fe(H2O)5OH]21 were the same (
ms) within experimental error, approximately twice that o
previously reported value for [Fe(H2O)6]

31 (33). tM 1 T1M for
[Fe(H2O)4(OH)2]

1 was 26 ms, approximately triple that o

TABLE 3
Surface Relaxivity Parameter and Relaxation Rate

for a Variety of Iron(III) Materials at 25°C

Material
Surface relaxivity,rFe

(mm s21)
tM 1 T1M

(ms)

Fe(H2O)6]
31 — 8.4 6 1.0

[Fe(H2O)6]
31 — 3.6a

[Fe(H2O)5OH]21 — 8.3 6 0.9
[Fe(H2O)4(OH)2]

1 — 26 6 3
[Mn(H2O)6]

21 — 6.7b

Fe(III) adsorbed to silica 100–160c 3.0–1.9c

Mn(II) adsorbed to silica 0.7b 450b

Fe2TiO5 130 6 30 2.36 0.5
e(III) oxyhydroxide 10–120d 2.5–30d

a Bertini et al. (33).
b Experiments at 4°C.rMn andtM 1 T1M calculated from data in Rooseet al.

(24).
c The range depends on the number of water molecules in the coordi

sphere of each adsorbed Fe(III) ion.
d The large range of possible values results from the wide scatter of th

shown in Fig. 8.
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80 BRYAR, DAUGHNEY, AND KNIGHT
[Fe(H2O)6]
31. Either the four inner-sphere water molecules

more tightly bound in [Fe(H2O)4(OH)2]
1 or changes in delo

calization of the unpaired electrons have occurred, affe
relaxation of the electron spin or the coupling between
nuclear and electron spins. For comparison,tM 1 T1M for
[Mn(H2O)6]

21 measured at 4°C was 6.7ms (24), very similar to
the values for [Fe(H2O)6]

31 reported in Table 3. This similari
may be the result of similarT1M andtM values, implying tha
the residence time of water molecules within the coordina
sphere of the ions (tM) does not vary significantly with tem

erature for dissolved ions. Alternatively, a highertM at 4°C
may be offset by a slightly lowerT1M for [Mn(H2O)6]

21 than
for [Fe(H2O)6]

31.

Sorption of Fe(III) Ions

To study the effect of sorbed Fe(III) ions on the NM
response of saturated porous solids, we saturated the sa
gel with a solution containing a known concentration of Fe
and varied the pH. At the lowest pH, Fe(III) ions will stay
solution, but with increasing pH, the Fe(III) ions leave
solution and adsorb to the solid. Concentrations of adso
Fe(III) ions as low as 0.5mg of Fe g21 of quartz were found t
influence the NMR response.

When quartz sand was equilibrated with a 0.50 mg21

Fe(III) solution, chemical analysis of the pore fluid after eq
ibration showed that no adsorption of Fe(III) ions occurre
pH 1; that is, all Fe(III) remained in solution. When
chemical analysis was repeated at pH 2.1, it was impossi
determine if any iron adsorbed to the quartz within experim
tal error. Measurements at pH 3 showed that only 0.406 0.05

g L21 Fe(III) remained in solution; roughly 20% (610%) of
the iron adsorbed to the quartz sand.

The measured relaxation times of the equilibrated pore fl
and of the fluid-saturated quartz sand samples as pH was
are shown in Fig. 3a. At pH 1,T1 of the saturated sand w
approximately equal to the relaxation time of the pore fl
indicating that surface relaxation (T1S

21) was insignificant. Thi
confirmed that negligible surface relaxation takes place in
absence of surface paramagnetic ions. At pH 3,T1b of the pore
fluid has increased 15% relative toT1b at pH 1. If dissolved an
adsorbed Fe(III) ions were equally efficient relaxing agents
would expect to seeT1b increase as iron was lost from solut

ndT1 of the saturated sand remain constant (total conce
tion of iron in the sample remains constant). The trend in
3a indicates that this is not the case. At pH 3,T1 of the
saturated sand with 0.56 0.3mg of Fe g21 of sand adsorbed
the surface was 23% lower than at pH 1. Fe(III) ions adso
to the surface relaxed the water molecule1H nuclear spin

ore effectively than dissolved Fe(III) ions. Surface relaxi
f the quartz sand calculated from the data using Eq

ncreased from 0.01 to 0.3mm s21 as surface iron concentrati
increased from 0.0 to 0.56 0.3 mg of Fe g21 of sand. This
corresponds to an order of magnitude increase inr with only
e

g
e

n

and
)

ed

-
t

to
-

s
ied

,

e

e

a-
.

d

3]

0.5% (60.3%) of the sand surface sites occupied by Fe
ions.

When the Fe adsorption experiment was repeated with
gel, the higher surface area allowed us to use higher co
trations of Fe(III), subsequently improving the precision
iron concentration measurements. Figure 4 shows the rel
ship between pH and Fe(III) surface concentration on s
gel. The amount of sorbed iron increased from 0.0 to 22mg of
Fe g21 of silica (1.13 1029 mol of Fe m22) as solution pH
increased from 1 to 3.

The measured relaxation times of the equilibrated pore fl
and of the fluid-saturated silica gel samples as pH was v
are shown in Fig. 3b. The same trends observed for quartz
in Fig. 3a can be seen in Fig. 3b for silica gel.T1 of the
aturated silica gel was approximately equal to the relax
ime of the pore fluid at pH 1 because surface relaxation
egligible with no iron adsorbed to the solid.T of the pore

FIG. 3. Dependence ofT1 relaxation time on pH (a) for pure quartz sa
quilibrated with 0.5 mg L21 Fe(III) solution and (b) for silica gel equilibrat
ith 5.0 mg L21 Fe(III) solutions.
1b
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81EFFECT OF FE(III) ON NMR IN POROUS MEDIA
fluid increased as Fe(III) ions were removed from solut
adsorbing to the surface, andT1 of the saturated gel decreas
as the surface concentration of iron increased. These r
confirm that the presence of paramagnetic ions on the su
significantly affects surface relaxation (T1S

21) and that adsorbe
Fe(III) is a better relaxing agent than dissolved Fe(III). T
phenomenon can be explained by restricted rotational m
of adsorbed species resulting in a longer rotational correl
time for the coordinated water molecules.

Calculated surface relaxivity values for silica gel a
function of the surface concentration of sorbed Fe(III)
shown in Fig. 5. With the relationship between pH
adsorbed Fe(III) firmly established by Fig. 4, we were a
to plot r with respect to Fe(III) surface concentration rat
than pH. The surface relaxivity increased linearly fr
0.0012 to 0.020mm s21 as the surface concentration of ir
ncreased to 21mg of Fe g21 of silica (1.03 1029 mol of Fe
m22), an order of magnitude increase when only 0.012%
the silica surface sites were occupied by Fe(III) ions
comparison, surface relaxivity of 4.09mm s21 resulted from
the adsorption of 0.019 mol of Mn(II) ions per m2 (16). If we
make the assumption that the linear relationship in Fi
can be extended to higher surface Fe concentrations
results suggest that Fe(III) adsorbed to quartz or amorp
silica is thousands of times more efficient a relaxing a
than Mn(II) adsorbed to calcite. Obviously, rotational c
relation times are affected by adsorption differently dep
ing on the metal and the type of surface involved.

The fact that surface relaxivity increases with surface
centration of Fe(III) suggests that an adsorbed Fe(III) ion
an inherent surface relaxivity for its coordinated water m
cules in the same way that dissolved Fe(III) ions have
own uniquet 1 T .

FIG. 4. Concentration of Fe(III) ions sorbed as a function of pH for s
gel equilibrated with 5.0 mg L21 Fe(III) solution. NMR relaxation data (s
Fig. 3b) were collected for the samples shown as solid squares.
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Solid Iron(III) Phases

To study the effect of Fe(III) minerals on the NMR respo
of saturated porous solids, we measuredT1 of saturated mix
tures of Fe2TiO5 grains (pseudobrookite) and silica gel. Wa
molecule1H nuclear spins can relax by adsorbing to silica
or to psuedobrookite surfaces; by varying the weight perce
pseudobrookite in the mixtures, we were able to chang
fraction of Fe(III)-containing solid surface exposed to the p
fluid. Although the mixtures contained as much as 2
Fe2TiO5 by weight, neither the porosity nor the pore s
distribution was altered significantly; this was because o
large disparity in surface area (0.1:356 m2 g21) and densit
(4.36:2.1 g cm23) for the two materials. At 25% pseud
brookite concentration, the fraction of exposed surfac
Fe2TiO5 was only 0.01% of the total surface area.

Relaxation time distributions for saturated mixtures w
monomodal, like that of the pure silica gel relaxation distr
tion shown in Fig. 1. TheT1 distributions for mixtures con
taining more than 15% Fe2TiO5 by weight were slightl
broader than those with less pseudobrookite. The relax
time of the bulk pore fluid (T1b) for each sample was 2.826
0.05 s, indicating that negligible quantities of Fe(III) dissol
from Fe2TiO5.

Surface relaxivity, calculated fromT1 andT1b using Eq. [3]
is shown in Fig. 6 along with the surface relaxivity of p
silica gel for comparison.r increased linearly from 0.0012
0.015mm s21 as the Fe(III)-bearing mineral increased from
to 25% by weight (0.01% of the total surface area). We be
that each mineral present (silica and pseudobrookite) h
own unique surface relaxivity and the observed relaxivity
the mixtures is a weighted average of those specific su
relaxivities. It is also likely that the direct proportionality
conserved at much higher relaxivities than 0.015mm s21; Foley

FIG. 5. Dependence of surface relaxivity on concentration of so
Fe(III) ions for silica gel equilibrated with 5.0 mg L21 Fe31 solutions. The
surface relaxivity for pure silica gel is shown as a dashed line for compa
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82 BRYAR, DAUGHNEY, AND KNIGHT
et al. (14) have shown that the relationship between con
tration of Fe(III) mineral andr remains linear for relaxivities a

igh as 10mm s21. As the exposed surface occupied
Fe2TiO5 approaches 100%, the linear relationship in Fig. 6
begin to plateau. This will happen if all of the adsorbed w
molecules can be relaxed by an Fe(III) site when the Fe
bearing mineral occupies less than 100% of the surface
We conclude that, at least in this case, NMR relaxation m
surements were very sensitive to the presence of a para
netic solid phase.

In naturally occurring sands and sandstones, precipi
iron oxides are commonly present as surface coatings o
silica grains (11). To determine the influence of small conc
trations of Fe(III) oxide impurities coating the surfaces
porous solids on NMR, we prepared quartz sand and silic
samples with varying surface concentrations of Fe(III) oxy
droxide. T1 distributions for a few of the saturated Fe(I
coated silica gel samples are shown Fig. 7. The amplitud
this plot is a measure of the amount of water relaxing with
relaxation timeT1i , but the fact that the distributions in Fig
have different amplitudes simply means that the mass of
sample was different.T1 distributions for the Fe(III)-coate
sands (not shown) were monomodal, but distributions
coated silica gels changed from monomodal to bimodal a
concentration of iron on the solid surface increased. Th
modal distributions indicate that the microporosity of the s
gel can be distinguished from its macroporosity when con
trations of iron are 0.3 mg g21 or more. An increase in surfa
relaxivity has shortened the time scale of the relaxation pro
enough that the water molecules do not have time to di
between the micropores and macropores (28).

Surface relaxivities calculated usingT1b and geometric mea
T values for Fe(III) oxyhydroxide coated silica gel and qu

FIG. 6. Dependence of surface relaxivity on weight percent of pse
brookite (Fe2TiO5) and fraction of total surface area as Fe2TiO5 in mixtures o
ilica gel and pseudobrookite at pH 5.5–5.8. The surface relaxivity for
ilica gel is shown as a dashed line for comparison.
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sands are shown in Fig. 8. The data are widely scattered
result of the difficulty in determining the surface concentra
of Fe(III); the pattern of precipitation was such that so
Fe(III) is buried under other molecules of Fe(III) oxyhydr
ide. In general, surface relaxivities vary by at least two or
of magnitude over the range of concentrations tested.
relaxivity for quartz sand with 23 1025 mol of Fe m22 (0.64
mm s21) is similar tor observed for silicate materials with lo
levels of paramagnetic impurities (16) (Table 2). Sand an
andstone samples typically have relaxivity values which r
rom 5 to 50 mm s21 (9, 34). Our results indicate that
relaxivity parameter of 50mm s21 would require between 1023

and 1022 mol of Fe(III) m22 surface, a reasonable surfa
concentration of Fe(III) oxyhydroxide for a high iron cont
sandstone.

-

re

FIG. 7. Regularized NMR spin–lattice relaxation time (T1) distributions
for saturated silica gel with different surface concentrations of amorphou
oxyhydroxide.

FIG. 8. Dependence of surface relaxivity on surface concentratio
amorphous iron oxyhydroxide precipitated on silica gel and quartz sand
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83EFFECT OF FE(III) ON NMR IN POROUS MEDIA
SURFACE RELAXIVITY OF IRON(III)

Surface relaxivity values measured using the well-cha
terized model systems in this study increased with iron co
(mg of Fe g21 of solid); however, this increase was not
same for adsorbed Fe(III) ions, Fe(III)-containing min
grains, or Fe(III) oxyhydroxide coatings. Instead, relaxi
increased with the fraction of solid surface containing Fe s
From Eqs. [3] and [7] the surface relaxation rate is

1

T1S
5 rSS

VD
pore

5 O
i

xi

~T1M 1 tM! i
, [11]

implying that surface relaxivity should depend on the frac
of water molecules coordinated to a paramagnetic iron
( xi) and that there is an inherent relaxivity,r i , for each of the
“types” of solid surface represented in Eq. [11]:

r 5 O
i

nir i. [12]

The coordinated fraction of water molecules,xi , is related to
ni , the fraction of total surface, by

xi 5
nihS

Vpore
, [13]

hereh is the thickness of one monolayer of water, so

r i 5
h

~T1M 1 tM! i
. [14]

If a pure surface or a paramagnetic site on a surfa
considered to have its own inherent surface relaxivity v
(r i) that is constant, then the surface relaxivity for adso
Fe(III) ions and for Fe(III) in different solid phases can
calculated using Eqs. [12]–[14]. These calculated value
shown in the lower half of Table 3 along with the literat
values for adsorbed Mn(II).

Accurate calculation ofrFe or (tM 1 T1M)Fe for adsorbed ion
requires some knowledge of the structure of the hydration
of an adsorbed ion. Schindleret al. (35) suggested that io
adsorption occurs through the formation of a surface com
involving deprotonated silanol groups as ligands and los
one or two coordinated water molecules from the ion’s hy
tion shell. In contrast, adsorption isotherms of several po
lent cations showed that the inner coordination sphere o
drolyzed metal ions was not altered in the adsorption pro
(36). Thus, if we assume a 1:1 stoichiometry between Fe
and surface silanol groups and that the adsorbed ions reta
same hydration sphere they had in solution,rFe,sorbedwas 1006
20 mm s21 (Table 3). If adsorption results in the loss of one
c-
nt

l
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two water molecules from the inner coordination sphere o
ion, thenrFe,sorbedcould be as high as 1606 30 mm s21.

In comparison,rMn,sorbedfor Mn(II) ions at 4°C (24) was 100
imes lower thanrFe,sorbedat 25°C (Table 3). Part of this di
crepancy can be explained by an increase in the residenc
of water molecules (tM) at a mineral surface with decreas
temperature; at low temperatures, the exchange of ads
water molecules with those in the pore fluid is slower. A
T1M (Eq. [6]) for adsorbed molecules should be sensitiv
temperature variation because both the rotational comp
and the residence time component oftc1 andtc2 are inversel
dependent on temperature and on their proximity to the
face.

rFe was approximately the same for adsorbed Fe(III)
and surface Fe(III) in pseudobrookite (Table 3). If this r
tionship holds for all Fe(III)-bearing solids, the effect of so
phase Fe(III) on NMR can be predicted from a single ave
rFe. rFe,sorbedmay also matchrFe,solid for amorphous Fe(III) oxy
hydroxide, but the oxyhydroxide data are so widely scatt
that a meaningful comparison is impossible.

CONCLUSIONS

This study has shown that surface relaxivity is cons
for each pure mineral and that observed surface relax
parameters are weighted averages of these inherent
ivities. Therefore,r can increase linearly from 1023 to 102

mm s21 for solids with increasing surface concentration
Fe(III). This variation is as great as the variation typic
observed for pore size distribution in natural geolog
materials (34). We have also found that NMR relaxati
measurements are so sensitive to paramagnetic impu
that most natural samples will probably haver values abov
1 mm s21. For NMR of many rocks, iron concentrations
high enough that surface relaxivity could be considere
be relatively constant, but shifts in relaxation time distri
tions between samples should not automatically be a
uted to shifts in pore size distribution unless it has b
determined that paramagnetic content has not changed
example, an interesting observation made by Hinediet al.
(9) when quantifying the microporosity of Borden Aqui
material was that the unfractionated material relaxed fa
than the nonmagnetic fraction; they attributed the lo
relaxation time to intraparticle microporosity of the ir
oxide minerals. Because Fe(III)-bearing solid phases
rectly influence surface relaxivity, the lower relaxat
times observed by Hinediet al. (9) for the unfractionate
material could be the result of higherr rather than smalle
pores.

We have also shown that the ability of Fe(III) species
surface to relax the NMR signal was greater than Fe(II
solution and varies somewhat with the chemical state
location the Fe(III) material has. The increase in surface r
ivity observed for natural sand below pH 3 (29) can now be
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84 BRYAR, DAUGHNEY, AND KNIGHT
explained by the dissolution of iron-bearing minerals and
subsequent adsorption of the Fe(III) ions to the quartz sur

The concentration of Fe(III) in the pore fluid and at the s
surfaces can be calculated using geochemical software a
as information about pH, oxidation conditions, and minera
are known. Therefore, with mineral-specificrFe values, i
hould now be possible to predictr for a variety of natura
ystems containing iron(III) minerals, subsequently impro
he accuracy of pore size calculations from relaxation
istributions. If the individualtM 1 T1M (rFe) are not availabl

for all possible minerals, one may be able to use average v
to estimater.
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