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The "H NMR spin-lattice relaxation time, T,, 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(l11) concentration and
varied with speciation of the ion. With only 0.01% of the silica
surface sites occupied by sorbed Fe(lll) ions, surface relaxivity
increased by an order of magnitude. In addition, low concentra-
tions of Fe(l11)-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
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INTRODUCTION

of paramagnetic materials might therefore introduce significa
error into pore size calculations and complicate the comparis
of two materials with different paramagnetic content. Althoug
Fe(lll) and Mn(ll) are generally the most abundant parama
netic substances in rockd1) and can vary dramatically in
concentration and speciation in subsurface materials, there |
not been a thorough study of their potential effects on the NM
signal. The objective of our research is to completely chara
terize the effects of paramagnetic Fe(lll) species on NMR «
saturated porous materials.

The fact that dissolved paramagnetic ions affect the NM
signal is exploited in borehole NMR loggind2) where the
addition of paramagnetic ions, such as manganese salts, cal
used to reduce the relaxation time of water; this makes
possible to separate the response of the water from that of
hydrocarbon. However, most researchers have assessed
role of dissolved paramagnetic ions in NMR of natural gec
logic materials to be minimal. For example, Vogeley an
Moses (3) have concluded that concentrations of aqueot
Fe(lll) and Mn(ll) will be too small to influence NMR mea-

Nuclear magnetic resonance (NMR) has become widelrements due to the low solubilities of most iron- and mar
used in the geophysical community in the past ten yets. ganese-bearing minerals.

NMR relaxation measurements have been used to estimate K @ detailed study of the effect of solid paramagnetic sp
wide Variety of petrophysica| properties, inc|uding porosity;ies, Foleyet al. (14) manufactured Synthetic calcium silicates
water saturation, pore size distribution, permeability, clagontaining known concentrations of Fe(lll) or Mn(ll) oxides.
bound water fraction, and wettability of the solid—7). Of They found that relaxation rates for the fluid-saturated poroi
Specific interest in recent hydrogeo|ogic studies has been ﬁ%lds were similar to those observed for natural materials a
use of measured NMR relaxation times to obtain informatioiere proportional to the concentration of paramagnetic ions
about pore sizes in rocks and sediments. Field measureméhgssolid. However, the rate only varied by a factor of 5 ove
obtained with a surface loop NMR instrument have been ustt¢ entire range of iron and manganese concentrations tes
to determine the average pore size in a volume of the subsyhereas pore size distributions in natural materials typical va
face, allowing subsequent classification of the soil as cla§, orders of magnitude. This relatively small paramagnet
sand, or gravel§). In addition, NMR measurements in theeffect might explain the apparent insensitivity of NMR mea
laboratory have been interpreted to determine pore size disfirements to the presence of Fe(lll)- and Mn(ll)-bearing mir
bution of aquifer materials3j. While it is often assumed that erals (5), but it is somewhat surprising considering the stron
changes in relaxation time correspond to changes in pore siggpendence of NMR on dissolved paramagnetic ion conce
it is well known that the presence of paramagnetic ions c#i@tion.

significantly affect NMR relaxation timesL(). The presence Another recent study looked at the effect of paramagnet
ions adsorbed to the solid phase. Kenyon and Kolled®y (

'To whom correspondence should be addressed. E-mail: bryaf@Und that manganese ions adsorbed to calcite relaxed |
geop.ubc.ca. system faster than aqueous ¥MnHowever, interpretation of
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their experiments involving the adsorption of Fe(ll) was cormand unconsolidated sands have a distribution of pore sizes,

plicated by oxidation of some of the iron and precipitation ahe observed relaxation of nuclear spin magnetization will be

Fe(lll) oxyhydroxide. sum of single-exponential decay terms, one for each unique
The objectives of our research were to investigate and quaized pore space experienced by the fluid molecules.

tify the effect of Fe(lll) on the NMR response of geologic

materials, taking into account the concentration and chemical M(7) = > mexp(—7/Ty), [4]

form of iron and its location in the rock—water system. Spe- i

cifically, we measured NMR relaxation rates for water mole-

cules interacting with Fe(lll) ions in solution, adsorbed to silicghere eactm. is proportional to the number dH nuclear
surfaces, precipitated onto the surface, and present in diStiEEfns relaxing with relaxation tim&,,. To effectively calculate
iron-bearing minerals. Our aim is to develop a single modghe size distributions for a rock sample from distributions

which would predict relaxation parameters for a quartz sabgiaxation times, accurate values for surface relaxiviyate
and which would account for varying quantities of Fe(lll) Nequired.

these four states. This will allow for more accurate and mean-g,; central objective in this study is to account for the roll
ingful interpretation of NMR data for the characterization of; paramagnetic Fe(lll) species in the NMR response. W
porous materials in both laboratory and field studies. therefore require a theoretical framework that describes tl
contributions of paramagnetic species to the measured rel:
ation rate. The NMR relaxation theory for paramagnetic sp
cies in solution was originally developed by Solomas)(and

For a liquid, the nuclear magnetic relaxation process |s )
coupled with diffusion. If we defind(r) as the longitudinal o' ©Xténded by Bloembergen and Morga)(For solutions

. A . (%ontaining paramagnetic ions, the relaxation raifg, is a sum
component ofH nuclear spin magnetization per unit volume als the paramaanetic and diamaanetic contributions
time 7, thenM satisfies the diffusion-Bloch equatiot7 18, P g g '

RELAXATION THEORY IN POROUS MEDIA

1 X 1

oM M -
67: DVM — —, (1] Ty Tiw+ 7w * T’ g
T le

whereD s the self-diffusion coefficient of the bulk liquid andWherex is the mole fraction of water molecules in the hydra
T is the bulk liquid relaxation time constant. When the liquidfon shell of the paramagnetic iom, is the residence time of
is confined in a pore, the relaxation time is often found to J8€ Water molecules in the hydration shell of the iy, is the
much less thaiT . This increased relaxation has been attrif€laxation time of &H nuclear spin in the hydration shell, and
uted to the presence of relaxation sites on the surface of thes 1S the relaxation time of pure bulk water. Thus, bulk
solid. *H nuclear spins in water molecules present in the buff¢l@xation rate is proportional to paramagnetic ion concentr
pore fluid and adsorbed to the surface of the pore relax tign as well as the number of water molecules in the hydratic

different ratesT ' and T., respectively. The two relaxation SPhere of an ion. Experiments with small chelates of Fie
mechanisms contribute in parallel to the decay water have shown that contributions to relaxation from wate

molecules outside the first hydration shell are negligiB#.(
1 1 1 The paramagnetic relaxation tim& () is determined by the
= [2] interaction between tH nuclear spin on an inner-sphere wate
LERLECINLEE molecule and the electron spirg)( of the paramagnetic ion

22,23:

Adsorbed water molecules exchange with those in the b (Ik 3

pore fluid. If the exchange is fast enough to maintain uniform 2 2
. . . . . 2 AS Te2 2 Ad
magnetization across the pore during decay, thatis, if allwater _— = ~(-°) §S+ 1)| 5| + 7= | &
molecules interact with the surface during the lifetime of the T 3\% 1+ (0ste) 15\ %

decay, then the surface relaxation time is proportional to pore Ter TTer
size. The observed relaxation rate will be XSS+ l)[l (w72 T 1+ (wer 2)2]- [6]
C C.
1.1 S S S, the spi t b ies with th ber of
—="+pl=] , whenp<D|<], [3] S the spin quantum number, varies wi e number of ur
T Ty pore v paired electrons in the paramagnetic i@&= 2.5 for Fe(lll)

and Mn(Il) butS = 0.5 for Cu(ll)). 7, and t, are correlation
where §/V) is the surface area to volume ratio of the pore arttimes, which vary with the residence time of water molecule
p, called the surface relaxivity, is a parameter characteriziigthe hydration sphere, the time constant for molecular rot
the effectiveness of the pore surface relaxatibh (L§. Rocks tion, and the time constant for electron spin relaxation caus
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by the fluctuation of the spinS) among its various possible TABLE 1
quantum statesy, and ws are the Larmor frequencies for the Properties of Materials Used in This Study
nucleus and the electron, respectively, and A, are the

coupling constants for the interactions between the nuclear and Silica Quartz .
. . 3 . Property gel sand Pseudobrookite

electron spinsA, depends inversely on®, wherer is the
distance between the proton and the center of the paramagnetitn size distribution 70-230 50-200 <100 mesh
ion. mesh mesh

Kleinberg, Kenyon, and Mitra2@) further extended the Surface area (fg ) 356 0.20 0.1
theory to discuss relaxation of fluids at solid surfaces incorpgfam.dens'ty (g crm) 2.1 2.65 436

. . . orosity 0.77 0.45 Not applicable
rating the ideas of Korringa, Seevers, and Tor2§).(They gy face area to pore 223 0.65 Not applicable

explicitly included the effect of paramagnetic surface sites involume ratio zm?)
their model. The paramagnetic sites can either be surface ions
in the crystal lattice, paramagnetic crystal defects, or adsorbed
paramagnetic ions. The surface relaxation rafg, is given by this study as analogs for naturally occurring mineral surface
Both materials were rinsed repeatedly with 10% HCI an
1 X 1— X distilled, deionized (DDI) water (18 K1 cm) to remove para-
TTs: Ton + 7o + Tt ™ [7] magnetic impurities. Surface areas were measured by 1
Brunauer—-Emmett—Teller (BET) Nadsorption method and

T,y is the relaxation time of the adsorbed fluid protons ndan dgnsmes were mea;ured W't.h a h_e||um pycnometer. T
properties of these materials are listed in Table 1.

fsidence b of water mololes atthe surace. n he case gRELUIE(ed SOl Sarples for NMR viere prepare by i
’ glo g of solid with 50.0 mL of 0.01 M NaCl electrolyte in

water molgcules adsorbed'to a paramagnetic-bearing mm%ra]d-washed Nalgene plastic bottles. pH was adjusted wi
surface,x is the mole fraction of adsorbed water molecules

close enough to a paramagnetic site in the solid for 'te reagent grade HCI or NaOH solutions and the mixtures we

nuclear spin to couple to the paramagnetic sginThis dis- equilibrated for 3 days at 25.0°C in a tumbler. After equilibra

tance is effectively the thickness of one monolayer of wat t'ron’ excess pore fluid was removed and filtered using Am5

For paramagnetic ions sorbed to a solid surfadegcomes the ydroph_|I|c polyeth_er sulione filters (Gelman, Supor_Acrc
) e . disk). Filtered solutions were analyzed for metals by induc
mole fraction of adsorbed water molecules within the inn

Ie : T
coordination sphere of the ion. %vely coupled plasma atomic emission spectroscopy (ICI

AES, Analytical Service Laboratories Ltd., Vancouver, Cane

Although Eq. [6], describing the paramagnetic relaxatiog ). Representative, 1 mL samples of the saturated solid wi

time, T, ap.plles equally to paramagnetic ions in solution ar1L(r]§msferred to 10 mm o.d. NMR tubes (Wilmad Glass) an
paramagnetic surfaces, the magnitude of some of the parame-". . . . :

. ; . .centrifuged for 5 min to ensure uniform packing and consiste
ters differs for the solid and solution cases, and the couplin

C ; p%rosny. All excess pore fluid was removed from the surface ¢
constants and correlation times change upon adsorption of’an
. . . the sample before NMR data were collected. The NMR tuk
ion to a mineral surface. For exampl&, for relaxation at

surfaces is different from the solution value because of tHgS were sealed with Parafilm to minimize water loss. Me:

anisotropy of restricted rotational motio\, varies when surements of the relaxation time of the bulk pore fluid,X

bonding in the ion complex changes, affecting the delocali yere made using approximately 0.5 mL of the filtered, equi

za- 2 X
tion of the unpaired electrons. If adsorption reduces the numt';%rralted pore fluid in an NMR tube. The method describe

. . . above was necessary to ensure an adequate quantity of ec
of water molecules in the hydration shell of the ion, the surface : . L
. 0 . ibrated pore fluid for chemical tests amg, determination. The
relaxation rateT,;, would decrease. For Mh, the hydration .
o . . rocess required that NMR samples not be degassed
shell of the adsorbed ion is retained upon sorption to a surf C€.ahed before and after saturation. Conseguently. the b
(24) but this is not necessarily true for the adsorption of Fe(ll 9 i q y: P

. . . . uid contained dissolved oxygen, and porosity could not k
ions. Both the residence time of water molecules in the hydra- . ) S .
: . S Obtained from integrals of th€, distribution peak amplitudes.
tion shell of an Fe(lll) ion and correlation times; andr,, for

electron spin relaxation can differ by several orders of magnPi-0 rosity was measured independently using representat

. . : samples.
tude for ions in solution and on a surface. . . . .
Paramagnetic solutions were prepared in DDI water usir

Fe(NGO)); - 9H,0. NMR measurements were carried out of
bulk Fe(lll) solutions at pH~2.5 for concentrations from 0.0
to 10.0 mg Fe ['. To investigate variation of ,, with pH,
solutions from 0.0 to 5.0 mg Fe & were prepared at pH 1.0,

Silica gel (60 A, 70—230 mesh, BDH Inc.) and quartz sarfdom 0.0 to 2.8 mg Fe " at pH 2.0, and from 0.0 to 0.5 mg
(99.995%,>40 mesh, silicon(IV) dioxide, Aesar) were used irfFe L™* at pH 3.0.

METHODS AND MATERIALS

Materials and NMR Sample Preparation
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To assess the influence of paramagnetic Fe(lll) ions adfinite 7). This pulse sequence has the advantage that it is le
sorbed to sand surfaces, quartz sand was equilibrated vgénsitive to imperfections in the 180° pulse. It always give
acidic, dilute (0.50 mg Fe L) solutions of Fe(lll). pH was zero amplitude as approaches infinity,
varied from 1.0 to 3.2 to control the fraction of ions adsorbed
t(_)_the solid. _'!'he adso_rption experi[nent was repeated with M(7) = Moexp(—7/T,), 8]
silica gel equilibrated with 5.0 mg Fe L solutions of Fe(lll),
taking advantage of the gel's high surface area to increase the ) .
amount of iron sorbed to the surface. The extent of ir id thus can be fitted with only two parametelv, @ndT,).

sorption was determined by the disappearance of Fe fro € orlgtj|nillt|nver3|o_|r_1—r<ta)covery gxperlTe?tlg%%wrels a th.re<
solution. Solutions were filtered, acidified, and analyzed t%?radme erdl Mo, €, T.) because imperfec PUISES QIVE
flame atomic absorption spectroscopy (FAA). Although the phe ependency

of pore fluids in natural settings will not be as low as those used

in this experiment, we used acidic solutions to avoid precipi- M(7) = M[1 - € 2 exp(—7/Ti)) ], [9]
tation of solid phases, which would complicate interpretation
of the results. wheree < 1. Data for each sample were collected at roor

The paramagnetic mineral selected for this study wasmperature, with 30 randomly sequenced, exponentia
pseudobrookite (F&iO;, <100 mesh, Sigma), because it waspaced (from 0.5 ms to 12 s), delay timesfummed 24 times.
available in pure form with a grain size distribution similar torhe wait time between scans was 15 s. There were no evaj
that of the silica gel (Table 1). Saturated homogeneous migtive losses of water from the sample during data collectio
tures of silica gel and R&iOs (from 0.5 to 25% by weight) Both intensity and standard deviation of the intensity wer
were prepared to assess the influence of paramagnetic minef@®rded for each; the signal-to-noise ratio of the data was
on NMR relaxation. The porosities of the silica gel-pseudedways greater than 300.
brookite mixtures were the same (within 1%) as that of silica The multiexponential decay of magnetization (Eq. [4]) wa
gel. The pH of the pore fluid was kept between 5.5 and 5.7 @ to a distribution of 160 exponentially spacdd values
minimize solubility of the mineral. In this pH range, dissolveqranging from 1 ms to 10 s) using regularized nonnegati\
iron concentrations are less than 104. least-squares and least-distance inversion routi2és 2().

To evaluate the influence of iron(lll) oxyhydroxide coatingssince this approach does not assume any particular model
eight silica gel samples and two quartz sand samples wijlves a less biased interpretation of the data than a sing
different amounts of iron(l1l) oxyhydroxide coatings were preexponential, stretched-exponential, or double-exponential 1
pared by the method of Granthaat al. (25). Mixtures of |deally, to avoid artifacts resulting from inversion, the solutior
aqueous FeSfand sand or gel were oxidized by the additiogpace should be continuous with width (1 ms to 10 s) less th
of excess 30% kD, and left standing overnight. The ironthe range of data collected (0.5 ms to 12 s). We limitedTthe
oxyhydroxide-coated solids were then rinsed with DDI watefistribution to 160 points to keep processing time down. Th
and dried. Within experimental error, neither the porosity n@egularized relaxation time distributions were calculated wit
the surface area of the solids was affected by the coatings. Helax-NMR (Frank Linseisen, University of British Columbia,
distribution of the iron on the coated surface was investigat@épartment of Physics, Vancouver, Canada; personal comn
qualitatively by energy-dispersion spectrometry (EDS) usingriication, 1998). Inversion parameters were selected so tt
Philips XL-30 scanning electron microscope (SEM). The oxyach datum was misfit by approximately one standard devi
hydroxide precipitate did not always form a uniform coatingion. For convenience in comparison of data, the repofted
Thus, not all of the precipitated Fe(lll) atoms are necessarilue for a measurement is the geometric mean of the dist
surface atoms, because they may be buried beneath oth@ion. Uncertainties iff, were obtained by repeat measure
molecules of Fe(lll) oxyhydroxide. The amount of iron on eackents. In the case of a monomodal distribution, the geomet
gel and sand sample (mg of Fe'®f solid) was determined by meanT, is equal (within experimental error) to thg value
leaching the iron from a representative subsample of the salitained from a fit to a single-exponential decay if the distri
with 10% HCI and determining iron concentration by FAA. bution is sufficiently narrow. Surface relaxivity values were

calculated using Eq. [3] with the substitution

NMR Experiments

Relaxation data were collected using a 90 Miz NMR <S> = 1-¢ <S> = 1-¢ <S) pe  [10]
spectrometer (Bruker) with a 2.2 T iron-core electromagnet pore ¢ grain ¢ m/q

and an SXP probe (1fs dead time). A modified inversion—

recovery pulse program was used, in which the free inductiarhere ¢ is porosity, §m) is the surface area to mass of the
decay (FID) from a [180°=90°] pulse sequence is subtractedrains (nf g™*) obtained from BET Nadsorption, ang, is the
from the FID from a 90° pulse (equivalent to a measurementgtain density.
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that the increase in surface relaxivity at low pH observed ft
natural sand Z9) cannot be explained by the protonation of
adsorbed water molecules alone.
€000 _ o ginlCr;ZgSe?;“d The relaxation timeT ,, of the buII_< fluids was found to b_e

— bulk pore fluid equal to 2.88+ 0.04 s. This value is less than the relaxatiot
time of 3.3 s that has been determined for pure water at tt
temperature and magnetic fiel8i0j and is due to the presence
of dissolved Q (31). The presence of oxygen in the sample:
was required to stabilize the iron in the desire8 oxidation
state. The oxygen did not affect the already oxidized surfa
minerals nor did it interfere with ion—surface interactions. Th
i oxygen was evenly distributed throughout the unconsolidats
0 - I‘ei I samples used in this study. If rock cores had been used in ple
0.001 0451 0?1 i 1'0 of sand, some pores could have remained anoxic even when

T, Is] sample was saturated with oxygenated fluid.

) ) o o The relaxation time for the saturated silica gel is 164

FIG. 1. NMR spin—lattice relaxation timeT(;) distribution of extracted

pore fluid, saturated pure quartz sand, and saturated silica gel at pH 5. 'ﬂﬁgg S, Slgnlflcantly lower than that of the bulk pore fluids du

amplitudes have not been normalized to water content to indicate porosityt.0 the hig_h surface area of thiS_ material. Surface relaxi\ﬁ)y (
of the silica gel, calculated using Eg. [3], was (1:20.2) X

10°° um s, slightly lower than relaxivities reported by pre-
vious researchers (Table 2) for similar materials.

The relaxation time for the saturated sand is 2480.05 s,
very close to thd& , of the bulk fluid, and the highedt, value

The first set of measurements was made on the sand a&wer reported in the literature for a water-wet mineral surfac
silica gel samples saturated with 0.01 M NaCl solutions witBurface relaxivity §) of the sand, calculated from the mea-
pH varying from 1 to 8. NMR measurements were made on tlseredT, and T,, values using Eq. [3], was found to be zerc
extracted pore fluids (after equilibration with the solids) and amithin experimental error (0.013 0.015um s ). This is at
the saturated porous samples. The relaxation time determiteakst an order of magnitude lower than any previously report:
for the pore fluid and the relaxation distributions for the watexalue for silica sand or sandstone (Table 2). For example, t
saturated silica gel and sand at pH 5 are shown in Fig. 1. Thetaxivity reported for pure quartz grains used 1i8)(was 0.83
form of these data is typical of all the measurements in this firgt s, the residual relaxivity of synthetic calcium silicates
set of experiments. The amplitude on this plot is a measurewith no added paramagnetic ions was 0.406—4.0¥s * (14),
the amount of water relaxing with each relaxation tilmg but and silica sand had surface relaxivity ranging from 2.89 to 3.(
the fact that the three distributions in Fig. 1 have differentm s™* (9). We believe that we have obtained this low value o
amplitudes simply means that the mass of each sample wasface relaxivity for our quartz sand because of the purity
different. The amplitude can be normalized to give an indic#he quartz that we have used and suggest that the higher val
tion of total water-filled porosity, but we have not done so ireported in the literature result from trace impurities of pare
this study. The bulk pore fluids, extracted from the saturatedagnetic minerals in the samples. The implication of the:
sand and gel samples, were always found to have a singdsults is that variations in surface relaxivity are potentially &
relaxation time, indicating that all water molecules in the
electrolyte relax at the same rate. In contrast, the distributions

8000 —

4000 —

Amplitude

2000 —

RESULTS AND DISCUSSION

NMR of Saturated Pure Quartz Sand and Silica Gel

for the silica gel and the sand were both found to be mono- o TABLE 2 )
modal, with the distribution for the gel slightly broader than _ Surface Relaxivity Parameter for Porous Materials
that fo_r the s_an_d; this i_s due to the gel's broa_lder distri_bution of Surface relaxivity o
pore size. It is interesting to note that the microporosity of the  material (um s Reference
gels does not produce a separate peak with Tow The
relaxation is slow enough to allow diffusion of the watepilica gel 1.2x10° This work
molecules between micropores and macropores; thus thePorous silica glass 18107 (87
distribution reflects the average pore size distributi®).( Silica gel a.2x 10 -3 (38

. ° . : .. Silica gel (3.1-7.7)x 10 9)

The relaxation times for extracted pore fluid, saturated siligfartz sand 0.0 (i.e., 0.018 0.015) This work
gels (11 samples), and quartz sands (17 samples) showedyn®atz 0.83 16)
dependence on pH for either the bulk fluids or the saturat€g¢hthetic Ca silicate 0.406-4.04 14)
solids. We conclude that protonation of surface-bound watghca sand 2.89-3.06 A

. Sandstone rocks 9.0-46 3
molecules has no direct effect dn or p. Our results suggest i
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a Mole fraction of water in Fe(III) hydration shell
0 2 4 6 8 10 12 16x10°
| | | ! | | | |
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b Mole fraction of water in Fe>" hydration shell .
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dination sphere of Fe(lll) plus the relaxation time of protor
nuclear spins in those water molecules), calculated from tl
slope of Fig. 2a using Eq. [5], was approximately 6. For
NMR of saturated sandstones, there is some precedent
settingry + Ty =~ Ty (22, 32. However, Bertiniet al. (33)
have shown that, can be almost as large @&s, for aqueous
solutions of F&" at room temperature. Because this ambiguit
cannot be resolved without measurements at different temp
atures, we will discuss variations in the sugp + T, rather
than variations inr ,y,.

T,, of solutions cannot be predicted entirely on the basis ¢
total dissolved Fe concentration because relaxation rates
Fe(lll) solutions are sensitive to pH-dependent speciation
the ion. For solutions of the same iron concentratidnp,
decreased with pH (Fig. 2b). For example, relaxation time of
0.5 mg Fe L* solution was 0.3 s lower at pH 1 than at pH 3.
At pH 1, Fe(lll) is present mostly as [Fe(B)s]*>", but at pH 3
hydrolysis reactions change the iron to a mixture o
[Fe(H.0)s]*", [Fe(H,0)sOH]*", and [Fe(HO).(OH),]". Al-
though all species contain Fe(lll), the number of exchangeat
water molecules in the hydration sphere decreases as pH
creases, decreasing relaxation rate.

When differences in iron speciation are taken into accour
v + T.u can be calculated for each of the three iron comnr
plexes from the slopes of the three lines in Fig. 2b using Eq. [!
by assuming that the observeg + T, is a weighted average
of each complex’s, + T,y. These values are shown in Table
3 along with representative values from the literatusg.+
T, for [Fe(H,0)s]*" and [Fe(HO)sOH]*" were the same (8
1s) within experimental error, approximately twice that of ¢
previously reported value for [Fe(B)e]*" (33). 7 + Ty for
[Fe(H,0),(OH),] © was 26 us, approximately triple that of

FIG. 2. Dependence of relaxation rate of bulk solutions on Fe(lll) ion

concentration: (a) at pH roughly 2.5; (b) at pH 1.0, 2.0, and 3.0. To improve
legibility of (b), data points for pH 2.0 are not shown; the linear fit is given in

TABLE 3
Surface Relaxivity Parameter and Relaxation Rate

their place. for a Variety of Iron(l11) Materials at 25°C
Surface relaxivity pe. ™ + T
N . . . . Material (um s (us)
significant as variations in pore size; both properties can vary
by several orders of magnitude, so observed differences[iB(H,0)]* — 8.4+ 1.0
relaxation time cannot necessarily be attributed to differencis(H.0)el* — 3.6°
in pore size. [Fe(H,0)sOH]* — 8.3+ 0.9
[Fe(H,0),(OH).] — 26+ 3
. . [Mn(H,0)6]** — 6.7
NMR of Fe(lll) lons in Solution Fe(lll) adsorbed to silica 100-160 3.0-1.9
NMR measurements on iron solutions were carried out }(!!) adsorbed to silica 0.7 450
lore the relationship between relaxation time and Fe(lll) i 510 130= 30 23> 05
exp p %(III) oxyhydroxide 10-126 2.5-3¢

concentration as well as the influence of ion speciatiof pn
Relaxation time distributions calculated from the NMR mea- ° Bertini et al. (33).

surements consisted of a single discrete relaxation time, asExperiments at 4°Gpy, andry, + T,y calculated from data in Roose al.

expected for solutions. The relaxation rate increased Iineaﬁ;‘g‘)-
with concentration of Fe(lll) at pH-2.5 (Fig. 2a). The scatter
in the data was the result of small variations in pH. The tipe
+ T,y (residence time of water molecules in the inner cooshown in Fig. 8.

The range depends on the number of water molecules in the coordinat
sphere of each adsorbed Fe(lll) ion.
4 The large range of possible values results from the wide scatter of the d:
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[Fe(H,0)s]*". Either the four inner-sphere water molecules area 2.6 —
more tightly bound in [Fe(5D),(OH),] " or changes in delo- %i
calization of the unpaired electrons have occurred, affecting 54 _|
relaxation of the electron spin or the coupling between the
nuclear and electron spins. For comparisep, + T,y for b
[Mn(H,0)s]*" measured at 4°C was 6% (24), very similar to >2 _% g
the values for [Fe(KD)]*" reported in Table 3. This similarity =
may be the result of similaF,, andr, values, implying that = 20— — T o, bulk pore fluid
the residence time of water molecules within the coordination ¢ quartz sand
sphere of the ionst(;) does not vary significantly with tem- 1.8 -
perature for dissolved ions. Alternatively, a highgrat 4°C i
may be offset by a slightly loweT,,, for [Mn(H,0)s]*" than

for [Fe(H,0)q]*".

o o4 HEEH

1.6 — E

Sorption of Fe(lll) lons ' . pH

To study the effect of sorbed Fe(lll) ions on the NMRy 34 _
response of saturated porous solids, we saturated the sand and s 3
gel with a solution containing a known concentration of Fe(lll) 5 _| 3
and varied the pH. At the lowest pH, Fe(lll) ions will stay in ¢ T, bulk pore fluid 3
solution, but with increasing pH, the Fe(lll) ions leave the O _silica gel with Fe
solution and adsorb to the solid. Concentrations of adsorbed
Fe(lll) ions as low as 0.mg of Fe g* of quartz were found to =
influence the NMR response. y

When quartz sand was equilibrated with a 0.50 mg L 3
Fe(lll) solution, chemical analysis of the pore fluid after equil- I
ibration showed that no adsorption of Fe(lll) ions occurred at 3
pH 1; that is, all Fe(lll) remained in solution. When the 05 &
chemical analysis was repeated at pH 2.1, it was impossible to 2 T %3 7 @
determine if any iron adsorbed to the quartz within experimen- 99— [ ] I | I I I I I |
tal error. Measurements at pH 3 showed that only 6:40.05 1.0 12 14 16 18 20 22 24 26 28 30
mg L™ Fe(lll) remained in solution; roughly 20%+(10%) of pH
the iron adsorbed to the quartz sand. FIG. 3. Dependence of ; relaxation time on pH (a) for pure quartz sand

The measured relaxation times of the equilibrated pore fluidguilibrated with 0.5 mg L* Fe(lI1) solution and (b) for silica gel equilibrated
and of the fluid-saturated quartz sand samples as pH was vari@il 5.0 mg L™ Fe(lll) solutions.
are shown in Fig. 3a. At pH 1T, of the saturated sand was
approximately equal to the relaxation time of the pore fluid,
indicating that surface relaxatiol {s) was insignificant. This 0.5% (+0.3%) of the sand surface sites occupied by Fe(ll
confirmed that negligible surface relaxation takes place in tiens.
absence of surface paramagnetic ions. At pH,3of the pore  When the Fe adsorption experiment was repeated with sili
fluid has increased 15% relativeTg, at pH 1. If dissolved and gel, the higher surface area allowed us to use higher conc
adsorbed Fe(lll) ions were equally efficient relaxing agents, viations of Fe(lll), subsequently improving the precision o
would expect to se@&,, increase as iron was lost from solutioniron concentration measurements. Figure 4 shows the relatic
andT, of the saturated sand remain constant (total concentsdip between pH and Fe(lll) surface concentration on silic
tion of iron in the sample remains constant). The trend in Figel. The amount of sorbed iron increased from 0.0 tqug2f
3a indicates that this is not the case. At pHT3, of the Fe g of silica (1.1 X 10°° mol of Fe m?) as solution pH
saturated sand with 05 0.3 ug of Fe g * of sand adsorbed to increased from 1 to 3.
the surface was 23% lower than at pH 1. Fe(lll) ions adsorbedThe measured relaxation times of the equilibrated pore flui
to the surface relaxed the water molecuké nuclear spins and of the fluid-saturated silica gel samples as pH was vari
more effectively than dissolved Fe(lll) ions. Surface relaxivitare shown in Fig. 3b. The same trends observed for quartz se
of the quartz sand calculated from the data using Eq. [B] Fig. 3a can be seen in Fig. 3b for silica g@&l, of the
increased from 0.01 to 0,8m s * as surface iron concentrationsaturated silica gel was approximately equal to the relaxati
increased from 0.0 to 0.5 0.3 ug of Fe g* of sand. This time of the pore fluid at pH 1 because surface relaxation w.
corresponds to an order of magnitude increasg Wwith only negligible with no iron adsorbed to the solid,, of the pore

1.5 —
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. Solid Iron(lll) Phases

20 o To study the effect of Fe(lll) minerals on the NMR respons

5 © of saturated porous solids, we measufgdf saturated mix-
15 - © tures of FgTiOs grains (pseudobrookite) and silica gel. Wate
o molecule™H nuclear spins can relax by adsorbing to silica ge
" or to psuedobrookite surfaces; by varying the weight percent
o o o Fe(lll) concentration sorbed pseudobrookite in the mixtures, we were able to change t
B _samples sclected for NMR fraction of Fe(lll)-containing solid surface exposed to the por
5 — fluid. Although the mixtures contained as much as 25¢
o Fe, TiOs by weight, neither the porosity nor the pore size
distribution was altered significantly; this was because of tf

large disparity in surface area (0.1:356 m') and density
T I I I \ (4.36:2.1 g cm® for the two materials. At 25% pseudo-
1.0 L5 2.0 2.5 3.0 brookite concentration, the fraction of exposed surface

pH Fe, TiOs was only 0.01% of the total surface area.

FIG. 4. Concentration of Fe(lll) ions sorbed as a function of pH for silica Re€laxation time distributions for saturated mixtures wer
gel equilibrated with 5.0 mg T* Fe(lll) solution. NMR relaxation data (see monomodal, like that of the pure silica gel relaxation distribu
Fig. 3b) were collected for the samples shown as solid squares. tion shown in Fig. 1. TheT, distributions for mixtures con-

taining more than 15% FE&iOs; by weight were slightly

broader than those with less pseudobrookite. The relaxati
fluid increased as Fe(lll) ions were removed from solutioime of the bulk pore fluid T,,) for each sample was 2.82
adsorbing to the surface, afd of the saturated gel decreased.05 s, indicating that negligible quantities of Fe(lll) dissolve
as the surface concentration of iron increased. These reséiten Fe TiO-.
confirm that the presence of paramagnetic ions on the surfac&urface relaxivity, calculated froy, and T, using Eq. [3],
significantly affects surface relaxatiofi ) and that adsorbed is shown in Fig. 6 along with the surface relaxivity of pure
Fe(lll) is a better relaxing agent than dissolved Fe(lll). Thisilica gel for comparisorp increased linearly from 0.0012 to
phenomenon can be explained by restricted rotational moti®®15um s* as the Fe(lll)-bearing mineral increased from (
of adsorbed species resulting in a longer rotational correlatitm25% by weight (0.01% of the total surface area). We belie\
time for the coordinated water molecules. that each mineral present (silica and pseudobrookite) has

Calculated surface relaxivity values for silica gel as awn unique surface relaxivity and the observed relaxivity fo
function of the surface concentration of sorbed Fe(lll) atée mixtures is a weighted average of those specific surfa
shown in Fig. 5. With the relationship between pH antelaxivities. It is also likely that the direct proportionality is
adsorbed Fe(lll) firmly established by Fig. 4, we were abkonserved at much higher relaxivities than 0.gi6 s *; Foley
to plot p with respect to Fe(lll) surface concentration rather
than pH. The surface relaxivity increased linearly from

10 4

Fe(III) sorbed (g g! silica gel)

Fe(IIl) sorbed [mol Fe m? silica]

0.0012 to 0.02Qum s * as the surface concentration of iron 0.0 0.2 0.4 0.6 08  1.0x10°
increased to 2ug of Fe g* of silica (1.0X 10° mol of Fe | | | | | |
m?), an order of magnitude increase when only 0.012% of _

the silica surface sites were occupied by Fe(lll) ions. In  25x10° ~ - Obs(erved rilizw:g {
comparison, surface relaxivity of 4.Q8m s™* resulted from Py [PUTE S8 &

the adsorption of 0.019 mol of Mn(Il) ions perr(L6). If we 20+ }
make the assumption that the linear relationship in Fig. 5,

can be extended to higher surface Fe concentrations, 0@ 15+ {

results suggest that Fe(lll) adsorbed to quartz or amorphous
silica is thousands of times more efficient a relaxing agent
than Mn(ll) adsorbed to calcite. Obviously, rotational cor-
relation times are affected by adsorption differently depend-
ing on the metal and the type of surface involved. oo
The fact that surface relaxivity increases with surface con- s 4 6 8 10 12 14 16 18 20 22
centration of Fe(lll) suggests that an adsorbed Fe(lll) ion has Fe(11l) sorbed |ug Fe g silical
an inherent surface relaxivity for its coordinated water mole- FIG. 5. Dependence of surface relaxivity on concentration of sorbe
cules in the same way that dissolved Fe(lll) ions have theig() ions for silica gel equilibrated with 5.0 mg L Fe** solutions. The
own unique~rM + Ty surface relaxivity for pure silica gel is shown as a dashed line for comparisc

10 —
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Weight percent Fe,TiO; B
0 5 10 15 20 ---- pure silica gel i
-1 t
16x107 A | | | | 800 —| - - 8% mg lie g gel i
» } e 3.4 i i
7] * observed relaxivity — 95 ! N P
12 | P (pure silica gel) o 600 — a i
Si E Il \ Ii i
= 10 - = A
o £ PREY [
= 8 < 400 — ," Vo [
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a 6 "y \‘ \ : :
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! !
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Fraction of total surface as Fe,TiO;
FIG. 7. Regularized NMR spin-lattice relaxation tim&,J distributions

FIG. 6. Dependence of surface relaxivity on weight percent of pseudgsy saturated silica gel with different surface concentrations of amorphous irt
brookite (FeTiOs) and fraction of total surface area as,Fi®©; in mixtures of oxyhydroxide.

silica gel and pseudobrookite at pH 5.5-5.8. The surface relaxivity for pure
silica gel is shown as a dashed line for comparison.

sands are shown in Fig. 8. The data are widely scattered a

et al. (14) have shown that the re|ati0nship between Concefﬁsun of the dlﬁlCUlty in determining the surface concentratio
tration of Fe(lll) mineral ang remains linear for relaxivities as f Fe(lll); the pattern of precipitation was such that som
h|gh as 10Mm st As the exposed surface Occupied bfe(lll) is buried under other molecules of Fe(III) oxyhydrox-
Fe, TiOs approaches 100%, the linear relationship in Fig. 6 ma§fe. In general, surface relaxivities vary by at least two orde
begin to plateau. This will happen if all of the adsorbed wat@f magnitude over the range of concentrations tested. T
molecules can be relaxed by an Fe(lll) site when the Fe(lifjelaxivity for quartz sand with < 10"° mol of Fe m?* (0.64
bearing mineral occupies less than 100% of the surface a8l S ) is similar top observed for silicate materials with low
We conclude that, at least in this case, NMR relaxation mggvels of paramagnetic impuritied®) (Table 2). Sand and
surements were very sensitive to the presence of a paramg@jidstone samples typically have relaxivity values which ran
netic solid phase. from 5 to 50 um s* (9, 34. Our results indicate that a
In naturally occurring sands and sandstones, precipitatédexivity parameter of 5,um s™* would require between 16
iron oxides are commonly present as surface coatings on @l 10° mol of Fe(lll) m™ surface, a reasonable surface
silica grains {1). To determine the influence of small concenconcentration of Fe(lll) oxyhydroxide for a high iron conten
trations of Fe(lll) oxide impurities coating the surfaces ofandstone.
porous solids on NMR, we prepared quartz sand and silica gel
samples with varying surface concentrations of Fe(lll) oxyhy-
droxide. T, distributions for a few of the saturated Fe(lll)-
coated silica gel samples are shown Fig. 7. The amplitude on 1
this plot is a measure of the amount of water relaxing with each
relaxation timeT y;, but the fact that the distributions in Fig. 7
have different amplitudes simply means that the mass of each 0.1 v K
sample was differentT, distributions for the Fe(lll)-coated ;
sands (not shown) were monomodal, but distributions fo&

| L1
<

1 lIIIIII|

coated silica gels changed from monomodal to bimodal as thé 001 T v silica gel
concentration of iron on the solid surface increased. The bi- 3 v ® quartz sand
modal distributions indicate that the microporosity of the silica T

gel can be distinguished from its macroporosity when concen- %!z 7

trations of iron are 0.3 mgg or more. An increase in surface 5

relaxivity has shortened the time scale of the relaxation process L L1 B L AL/ O B 11 B SRR e A
enough that the water molecules do not have time to diffuse 10" 10° 10°® 107 10 10° 10*
between the micropores and macropor28).( Surface Fe(I1) oxyhydroxide concentration [mol Fe m™]

Surface relaxivities Calculate_d usifg, and_geometric Mean riG. 8. Dependence of surface relaxivity on surface concentration ¢
T, values for Fe(lll) oxyhydroxide coated silica gel and quartamorphous iron oxyhydroxide precipitated on silica gel and quartz sand.
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SURFACE RELAXIVITY OF IRON(II) two water molecules from the inner coordination sphere of tt
o _ ion, thenpg, sanescould be as high as 168 30 um s ™.

Surface relaxivity values measured using the well-charac-|n COMPAriSON pun someafor MN(ll) ions at 4°C @4) was 100
terized model systems in this study increased with iron contehes lower tharpee somesat 25°C (Table 3). Part of this dis-
(ng of Fe g* of solid); however, this increase was not thgrepancy can be explained by an increase in the residence t
same for adsorbed Fe(lll) ions, Fe(lll)-containing mineraj water moleculest,) at a mineral surface with decreasing
grains, or Fe(lll) oxyhydroxide coatings. Instead, relaxivityemperature; at low temperatures, the exchange of adsort
increased with the fraction of solid surface containing Fe sitegater molecules with those in the pore fluid is slower. Alsc
From Egs. [3] and [7] the surface relaxation rate is T (Eq. [6]) for adsorbed molecules should be sensitive t
temperature variation because both the rotational compon

1 _ S _ Xi and the residence time componentrgfand 7., are inversely
Ts Plv pore_ 2 (T + )i [11] dependent on temperature and on their proximity to the st

face.

) ] o _ pre Was approximately the same for adsorbed Fe(lll) ion
implying that surface relaxivity should depend on the fractiog,q surface Fe(lll) in pseudobrookite (Table 3). If this rela

of water molecules coordinated to a paramagnetic iron atqgnship holds for all Fe(lll)-bearing solids, the effect of solid-
(x;) and that j[here is an inherent rquway,, for each of the phase Fe(lll) on NMR can be predicted from a single avera
“types” of solid surface represented in Eq. [11]: Pre PresomeMay alSO Matchpr, sois for amorphous Fe(lll) oxy-
hydroxide, but the oxyhydroxide data are so widely scattere
p= > np. [12] that a meaningful comparison is impossible.
I
CONCLUSIONS
The coordinated fraction of water molecules, is related to

n;, the fraction of total surface, by This study has shown that surface relaxivity is constal
for each pure mineral and that observed surface relaxivi
nhS parameters are weighted averages of these inherent rel

Xi=y [13] ivities. Thereforep can increase linearly from 1&to 10

pore

wm s * for solids with increasing surface concentrations o
Fe(lll). This variation is as great as the variation typically
observed for pore size distribution in natural geologice
materials 84). We have also found that NMR relaxation
= h _ [14] measurements are so sens_itive to paramagnetic impurit
(T + 7w that most natural samples will probably hgvealues above
1 um s*. For NMR of many rocks, iron concentrations are
If a pure surface or a paramagnetic site on a surfacehgh enough that surface relaxivity could be considered 1
considered to have its own inherent surface relaxivity vallee relatively constant, but shifts in relaxation time distribu
(p;) that is constant, then the surface relaxivity for adsorbéwns between samples should not automatically be attril
Fe(lll) ions and for Fe(lll) in different solid phases can bated to shifts in pore size distribution unless it has bee
calculated using Eqgs. [12]-[14]. These calculated values atetermined that paramagnetic content has not changed. |
shown in the lower half of Table 3 along with the literatur@xample, an interesting observation made by Hinetdal.
values for adsorbed Mn(ll). (9) when quantifying the microporosity of Borden Aquifer
Accurate calculation ofg. or (1y + T1y)r fOr adsorbed ions material was that the unfractionated material relaxed fast
requires some knowledge of the structure of the hydration shiglan the nonmagnetic fraction; they attributed the lowe
of an adsorbed ion. Schindlet al. (35) suggested that ion relaxation time to intraparticle microporosity of the iron
adsorption occurs through the formation of a surface complexide minerals. Because Fe(lll)-bearing solid phases c
involving deprotonated silanol groups as ligands and loss m&ctly influence surface relaxivity, the lower relaxatior
one or two coordinated water molecules from the ion’s hydréimes observed by Hinedét al. (9) for the unfractionated
tion shell. In contrast, adsorption isotherms of several polyvaraterial could be the result of highgrrather than smaller
lent cations showed that the inner coordination sphere of tperes.
drolyzed metal ions was not altered in the adsorption procesdVe have also shown that the ability of Fe(lll) species at
(36). Thus, if we assume a 1:1 stoichiometry between Fe iosarface to relax the NMR signal was greater than Fe(lll) i
and surface silanol groups and that the adsorbed ions retaingbkition and varies somewhat with the chemical state ai
same hydration sphere they had in solutin.m.svas 100+  location the Fe(lll) material has. The increase in surface rela
20 um s * (Table 3). If adsorption results in the loss of one oivity observed for natural sand below pH 29 can now be

whereh is the thickness of one monolayer of water, so
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explained by the dissolution of iron-bearing minerals and tH&. R. L. Kleinberg and H. J. Vinegar, NMR properties of reservoir
subsequent adsorption of the Fe(lll) ions to the quartz surface. fluids. Log Analyst 37, 20-32 (1996).

The concentration of Fe(lll) in the pore fluid and at the soli@3- J- R. Vogeley and C. O. Moses, 'H NMR relaxation and rock
surfaces can be calculated using geochemical software as longPe'meability, J. Colloid Interface Sci. 56, 2047-2953 (1992).
as information about pH, oxidation conditions, and mineralogy- - Foley. S. A. Farooqui, and R. L. Kleinberg, Effect of paramagnetic
are known. Therefore, with mineral-specif'pt‘;e values, it ions on NMR relaxation of fluids at solid surfaces, J. Magn. Reson.

: _ _ A 123, 95-104 (1996).

should now be possible to prediptfor a variety of natural 5. 3. J. Howard, W. E. Kenyon, and C. Straley, Proton magnetic

systems containing iron(_'”) minera'?v subsequently in_1prov_ing resonance and pore size variations in reservoir sandstones, SPE
the accuracy of pore size calculations from relaxation time Form. Eval. September, 194-200 (1993).

distributions. If the individuaty, + Ty (pe) are not available 16. w. E. Kenyon and J. A. Kolleeny, NMR surface relaxivity of calcite
for all possible minerals, one may be able to use average valueswith adsorbed Mn?*, J. Colloid Interface Sci. 170, 502-514 (1995).

to estimatep. 17. S. D. Senturia and J. D. Robinson, Nuclear spin-lattice relaxation of
liquids confined in porous solids, Soc. Pet. Eng. J. 10, 237-244
(1970).

18. K. R. Brownstein and C. E. Tarr, Importance of classical diffusion in
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