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ABSTRACT

Nuclear magnetic resonance (NMR) relaxation-time meas-

urements can provide critical information about the physio-

chemical properties of water-saturated media and are used

often to characterize geologic materials. In unconsolidated

sediments, the link between measured relaxation times and

pore-scale properties can be complicated when diffusing water

molecules couple the relaxation response of heterogeneous

regions within a well-connected pore space. Controlled labora-

tory experiments have allowed us to investigate what factors

control the extent of diffusional coupling in unconsolidated

sediments and what information is conveyed by the relaxation-

time distribution under varied conditions. A range of sediment

samples exhibiting heterogeneity in the form of a bimodal

mineralogy of quartz and hematite were mixed with varied

mineral concentration and grain size. NMR relaxation meas-

urements and geometric analysis of these mixtures demon-

strate the importance of two critical length scales controlling

the relaxation response: the diffusion length ‘D, describing the

distance a water molecule diffuses during the NMR measure-

ment, and the separation length ‘S, describing the scale at

which heterogeneity occurs. For the condition of ‘S>‘D,

which prevails for samples with low hematite concentrations

and coarser grain size, coupling is weak and the bimodal relax-

ation-time distribution independently reflects the relaxation

properties of the two mineral constituents in the heterogeneous

mixtures. For the condition of ‘S<‘D, which prevails at higher

hematite concentrations and finer grain size, the relaxation-

time distribution no longer reflects the presence of a bimodal

mineralogy but instead conveys a more complex averaging of

the heterogeneous relaxation environments. This study has

shown the potential extent and influence of diffusional cou-

pling in unconsolidated heterogeneous sediments, and can

serve to inform the interpretation of NMR measurements in

near-surface environments where unconsolidated sediments

are commonly encountered.

INTRODUCTION

Nuclear magnetic resonance (NMR) relaxation measurements

are highly sensitive to the pore-scale properties of geologic

media. These methods probe the time required for hydrogen

nuclei or “spins” in fluids to relax to equilibrium through diffu-

sion and interaction with the physiochemical pore environment.

Applications of NMR in petroleum well logging over the past

several decades have demonstrated robust links between meas-

ured relaxation times and important formation properties, includ-

ing pore size and permeability (Seevers, 1966; Timur, 1969;

Kenyon et al., 1988). Recently, NMR logging has been extended

to near-surface applications (Maliva et al., 2009; Walsh et al.,

2010), and surface-based NMR instruments have been developed

to characterize groundwater aquifers noninvasively (Legchenko

and Valla, 2002; Hertrich, 2008; Walsh 2008). The types of

materials encountered in near-surface environments, however,

can differ significantly from those considered in oil and gas res-

ervoirs. The goal of this study is to inform the interpretation of

NMR measurements in the near surface by directly exploring the

relaxation response of a specific class of media ubiquitous in

these environments: unconsolidated heterogeneous sediments.

One fundamental difference between near-surface sediments

and the lithologies typically encountered in oil and gas applica-

tions is the degree to which the pore space is connected. The

conventional interpretation of NMR relaxation data assumes that

each diffusing spin samples only one pore environment during

the measurement; thus, the relaxation-time distribution is taken

as a direct representation of the distribution of pore types.

Although this assumption is generally valid for consolidated
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rocks, if the pore network is very well connected, diffusing

spins can sample multiple physiochemical environments before

relaxing. In this case, heterogeneous regions of the pore space

will be coupled by diffusion and the relaxation-time distribution

will represent a more complex averaging of the underlying het-

erogeneity, masking the true distribution of pore-scale proper-

ties. Because unconsolidated sediments typically possess a very

open pore network, it is likely that diffusional coupling effects

will be particularly prevalent in these materials.

Assessing the influence of diffusional coupling on the NMR

relaxation response in unconsolidated sediments is critical to

advancing the application of this method in near-surface envi-

ronments. Several studies have explored diffusional coupling

from a theoretical approach by considering relaxation in ideal-

ized pore networks (Cohen and Mendelson, 1982; McCall et al.,

1991; Zielinski et al., 2002). Previous laboratory studies, on the

other hand, have primarily aimed to characterize coupling

effects in synthetic media (D’Orazio et al., 1989) or lithologies

of particular significance in hydrocarbon reservoirs, namely car-

bonates (Toumelin et al., 2002) and shaley sandstones (Anand

and Hirasaki, 2007; Fleury and Soualem, 2009). Although these

studies do not directly consider the NMR relaxation response in

unconsolidated sediments, they highlight the importance of gen-

eralized time and length scales that control the degree to which

diffusional coupling will influence measured relaxation times.

Based on these studies, we can distinguish two fundamental

length scales that are critical to the coupling process: the diffu-

sion length ‘D and the separation length ‘S; we illustrate these

length scales in Figure 1. We show a porous medium composed

of heterogeneous regions, represented by two shades of gray,

where the heterogeneity can be in any physical, chemical, or

geologic property that influences NMR relaxation. The first

length scale ‘D, represented by the dimension of the dashed

circles, describes the distance a spin can sample by diffusion

before relaxing. The second length scale ‘S is associated with

the scale of heterogeneity and describes the distance a diffusing

spin must travel to sample more than one relaxation environ-

ment. If ‘S<‘D, as is the case in Figure 1a, the majority of

spins sample more than one relaxation environment and diffu-

sional coupling will strongly influence the NMR relaxation

response. The extent of coupling can vary as a function of either

of these key length scales. If ‘D increases (as shown in Figure

1b) or if ‘S decreases (as shown in Figure 1c) so that spins pri-

marily sample only one relaxation environment, the extent of

coupling will be more limited.

Using controlled laboratory experiments and analytic model-

ing, we aim to determine how these key length scales influence

the extent of diffusional coupling and the information that is

captured by the NMR relaxation response. In a previous labora-

tory study, we investigate systems represented by Figure 1a and

1b, in which the extent of coupling varies as a function of ‘D

(Grunewald and Knight, 2009). Using synthetic silica gels with

a bimodal pore-size distribution, we conclusively demonstrate

that surface geochemistry can control ‘D and thus the impact of

diffusional coupling. By sorbing varied amounts of iron(III) to

the solid surface, we synthesize samples exhibiting a range of

coupling strengths and illustrate how ‘D and coupling affects the

NMR relaxation response in these well-characterized materials.

We recognize that in natural sediments, the scale at which heter-

ogeneity occurs, represented by ‘S, might vary much more than

‘D, and thus this length scale is likely to control the influence of

diffusional coupling in many near-surface materials.

In the present laboratory study, we systematically explore the

relaxation response of heterogeneous unconsolidated sediments

between which the scale of heterogeneity varies. We consider

realistic unconsolidated samples in which heterogeneity is pres-

ent in the form of a bimodal grain mineralogy. We show that by

varying the relative mineral concentrations and grain size, we

create a range of samples between which the extent of coupling

varies with the relative magnitude of ‘D and ‘S. Comparing

these samples allows us to demonstrate how heterogeneity is

reflected by the relaxation-time distribution over a range of con-

ditions. These experiments provide direct insights into the relax-

ation response of unconsolidated heterogeneous sediments and

thus inform the interpretation of NMR measurements in near-

surface environments.

BACKGROUND

NMR relaxation theory

The NMR relaxation measurement probes the response of

hydrogen nuclei in pore fluids to a magnetic field perturbation.

At equilibrium with a static magnetic field, spin magnetic

moments associated with hydrogen nuclei align, giving rise to a

net nuclear magnetization parallel to the static field. In the stand-

ard NMR measurement, these spins are perturbed from the equi-

librium state by the application of a short oscillating electromag-

netic pulse. The pulse excites the spins to a higher energy state,

and a detectable change in the nuclear magnetization signal is

monitored over time t as the system relaxes back to equilibrium.

The NMR relaxation behavior is characterized by two differ-

ent parameters: the longitudinal relaxation time T1 and the trans-

verse relaxation time T2. In this study, we exclusively consider

T2, which is of great relevance to well-logging and surface-

based NMR applications. For a single fluid-saturated pore, the

net observed relaxation rate T2
–1 represents the sum of three

relaxation mechanisms acting in parallel, each with a character-

istic rate (Kleinberg and Horsfield, 1990):

T �1
2 ¼ T �1

2B þ T �1
2S þ T �1

2D (1)

Here T2B
�1 is the bulk fluid relaxation rate, T2S

–1 is the surface

relaxation rate, and T2D
�1 is the diffusion relaxation rate.

Figure 1. Schematic illustration of the length scales controlling
diffusional coupling in a heterogeneous medium for three cases.
Heterogeneous regions of the pore space are represented by differ-
ent shades of gray. The length scale ‘D is represented by the
dimension of the dashed circle; the length scale ‘S is described by
the scale of the heterogeneous features. In (a), the condition
‘S>‘D is satisfied and diffusional coupling is significant. The
extent of coupling is reduced when (b) ‘D decreases or (c) ‘S

increases.
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Bulk fluid relaxation occurs due to molecular interactions

within the fluid and is independent of the pore space. The mag-

nitude of T2B
�1 depends primarily on the fluid viscosity and the

concentration of dissolved paramagnetic species, such as Mn2þ

and Fe3þ (Bloembergen et al., 1948). Diffusion relaxation

occurs as spins diffuse in the presence of a spatially variable

magnetic field. The magnitude of T2D
�1 is given by

T �1
2D ¼ D

12
cGtEð Þ2 ; (2)

where D is the diffusion coefficient of the fluid; G is the aver-

age magnetic field gradient; c is the gyromagnetic ratio; and tE
is the echo time, a parameter of the Carr-Purcell-Meiboom-Gill

(CPMG) measurement sequence (Carr and Purcell, 1954; Mei-

boom and Gill, 1958). In water-saturated geologic materials that

are weakly magnetic, T2B
�1 and T2D

�1 are negligible, and the

expression for T2
�1 is dominated by surface relaxation.

Surface relaxation occurs due to interactions between diffus-

ing spins and the grain surfaces. In the condition of “fast dif-

fusion” (Senturia and Robinson, 1970; Brownstein and Tarr,

1979), the magnitude of T2S
�1 is given by

T �1
2S ¼ T �1

2S;fast ¼ qS=V ; (3)

where S/V is the surface-area-to-volume ratio of the pore and q
is the surface relaxivity. In general, S/V is inversely proportional

to the pore size; for a spherical pore of radius r, the value of

S/V is given by 3/r. The magnitude of q describes the capacity

of the grain surface to enhance relaxation and generally

increases with the concentration of paramagnetic sites on the

grain surface (Foley et al., 1996; Bryar et al., 2000).

The fast-diffusion regime, in which equation 3 is valid,

requires that spins can diffuse to relaxation sites on the grain

surface much more rapidly than they undergo relaxation at the

surface; as described by Brownstein and Tarr (1979), this condi-

tion is satisfied for qr/D�1. If alternately, spins undergo relaxa-

tion at the surface much more rapidly than they can diffuse to

the surface (qr/D�10), relaxation occurs in the slow-diffusion

regime. In the slow-diffusion regime, surface relaxation does

not occur at a single rate, but instead exhibits multiple relaxa-

tion modes with different decay rates. The dominant rate at

which most relaxation occurs is inversely proportional to the

mean-squared distance a spin must diffuse to reach the relaxa-

tion surface. For a spherical pore, the dominant slow-diffusion

relaxation rate is given by

T �1
2S ¼ T �1

2S;slow ¼ 6D

r2
(4)

(Godefroy et al., 2001). Whereas most of the magnetization sig-

nal relaxes at this rate T2S,slow
�1, a portion of the signal also relaxes

in higher order modes exhibiting faster rates, the magnitudes of

which depend on q. At intermediate values of 1<qr/D<10, the

rate of the dominant relaxation mode is between T2S,fast
�1 and

T2S,slow
�1, and a smaller portion of the signal relaxes in higher

order modes.

NMR relaxation in heterogeneous media

For a single water-filled pore in the fast-diffusion limit, the

measured transverse magnetization signal M(t) exhibits an expo-

nential decay:

MðtÞ ¼ Ae�t=T2 ; (5)

where the initial amplitude A is proportional to the number of

hydrogen spins (i.e., the pore volume). For a rock or sediment

with multiple pore types, the observed signal generally exhibits

a multiexponential decay:

MðtÞ ¼
X

i

Aie
�t=T2i : (6)

Here, the amplitude Ai is proportional to the portion of signal

relaxing at a mode with the corresponding decay time T2i. A T2

distribution is obtained from the measured M(t) data by applying

a Laplace inversion.

Conventionally, pore-scale properties are estimated from the

T2 distribution under two fundamental assumptions. The first

assumption is that T2 is controlled by surface relaxation in the

fast-diffusion limit (equation 3). The second critical assumption

is that each spin samples only one pore environment, and thus

each pore contributes in isolation to the measured signal. Con-

sidering pores as such, to be theoretically isolated, each peak in

the distribution of T2 values is interpreted to represent a unique

pore environment with different S/V or q; in some cases (e.g.,

deriving permeability), the mean log relaxation time T2ml is cal-

culated from the distribution to determine an average value of

S/V or q. Thus, information about the distribution of pore sizes

(e.g., Gallegos and Smith, 1988) or surface geochemistry (e.g.,

Keating et al., 2008) is extracted directly from the distribution

of relaxation times.

In many rocks, these basic assumptions are approximately

valid: weak relaxation surfaces are uniformly distributed (i.e.,

satisfying the conditions for fast diffusion), and constrictive

pore throats limit spins from diffusing between pores. For reser-

voir sandstones in particular, numerous studies have shown that

the T2 distribution directly reflects the underlying pore-size dis-

tribution (e.g., Davies, 1990; Borgia et al., 1996). The assump-

tions are not always appropriate, however, for materials in

which spins can readily diffuse between heterogeneous pore

environments. As an example, for carbonate grainstones

(Toumelin et al., 2002) and synthetic silica gels (Anand and

Hirasaki, 2007; Grunewald and Knight, 2009), in which closely

connected micropores and macropores are strongly coupled by

diffusion, peaks in the T2 distribution do not accurately capture

the properties of either pore type. For unconsolidated near-sur-

face sediments of interest in this study, we anticipate that spins

will be able to diffuse readily between heterogeneous environ-

ments with different geometry (S/V) or mineralogy (q).

Referring back to Figure 1, let us consider in more detail the

two length scales controlling the extent of diffusional coupling.

The magnitude of the diffusion length ‘D describes the average

distance a spin can diffuse during a time interval T of the NMR

measurement, and can be estimated from the Einstein equation

for self-diffusion,

‘D ¼
ffiffiffiffiffiffiffiffiffi
6DT
p

: (7)

Considering the time required for a spin to relax as character-

ized by T2 (typically 1 to 1000 ms) and a typical value of D
(2.46� 10�9 m2/s, the self-diffusion coefficient of water at

30�C; Simpson and Carr, 1958), the dimension of the region

sampled by a diffusing spin during the NMR measurement can

be greater than 100 mm. The second critical scale ‘S is a
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measure of the separation distance between heterogeneous

regions of the pore space, where the heterogeneity results in dif-

ferent relaxation properties (i.e., different S/V or q). D’Orazio et

al. (1989) explain that if dissimilar relaxation environments are

separated by a distance shorter than the diffusion length (i.e.,

‘S<‘D), spins will sample multiple relaxation environments and

the relaxation-time distribution will represent an averaging of

these environments as a result of diffusional coupling.

In our experiments, we explore the importance of these length

scales and the influence of diffusional coupling on NMR relaxa-

tion times in unconsolidated sediments with a heterogeneous

mineralogy. Using mixtures of quartz and hematite, we prepared

samples between which we directly vary ‘S by varying the vol-

ume concentrations of the minerals and the mean grain size. Fig-

ure 2a schematically illustrates the significance of ‘S and ‘D in

these mixtures; the two minerals are represented by gray and

black grains. For the system shown at the top, the average dis-

tance separating the gray and black grains is much greater than

the diffusion length (represented by the dimension of the dashed

circles); therefore, most spins will sample only one mineralogy

before relaxing and diffusional coupling is expected to be weak.

We expect that if the concentration of black grains increases

(bottom left panel) or the mean grain size decreases (bottom right

panel), ‘S will shorten. As illustrated in Figure 2b, we anticipate

a critical threshold will exist when ‘S becomes shorter than ‘D,

at which point diffusional coupling effects will begin to influence

the relaxation response as spins become able to sample both min-

eralogies before relaxing. Thus, analyzing the NMR relaxation

response for this suite of samples with varied mineral concentra-

tion and grain size allows us to explore systematically how heter-

ogeneity is represented by the relaxation-time distribution in

unconsolidated sediments over a wide range of conditions.

MATERIALS AND METHODS

Sample preparation and characterization

For our laboratory experiments, we prepared grain packs hav-

ing a bimodal mineralogy of quartz (SiO2) and hematite (Fe2O3).

Quartz and hematite were selected because these minerals exhibit

very different q values; Keating and Knight (2007) find that the

q value for quartz grains increases by nearly two orders of mag-

nitude when hematite surface coatings are applied. Both of these

minerals are also commonly encountered in near-surface sedi-

ments; quartz is one of the most abundant minerals in earth’s

crust; hematite is found in soils and sediments at concentrations

as high as 10% and often is formed by the oxidation of many

other iron-bearing minerals (Stucki et al., 1988). An additional

reason for selecting hematite is its low magnetic susceptibility

relative to other iron minerals; hematite thus is not expected to

introduce significant magnetic effects (entering through the

T2D
�1 term) that would complicate our interpretation.

The quartz grains used here were derived from high-purity

fused silicon dioxide pellets received from Sigma-Aldrich (4–16

mesh size, 99.9% SiO2). Hematite grains were derived from a

natural botryoidal hematite specimen received from Gem & Min-

eral Miners, Inc. (mined from an ore deposit in Alnif, Errachidia

Province, Morocco). The original mineral materials were crushed

first by rock hammer and then by mortar and pestle to obtain

sand-sized grains. An alumina ceramic rock grinder was used to

reduce the grain size further. We sorted the crushed minerals by

grain diameter using a combination of dry and wet sieving and

retained grains with diameters falling within two narrow size

ranges: “coarse” (125–210 mm) and “fine” (37–66 mm). The

sorted mineral grains were rinsed with distilled-deionized (DDI)

water and were dried in an oven at 50�C overnight.

Visual inspection of the crushed minerals under magnification

showed that the quartz and hematite grains were generally angu-

lar in shape; however, the hematite tended to fracture into

slightly more elongate grains than the quartz. Optical micro-

scope images of the coarse grains are shown in Figure 3. We

measured the specific surface area SSM (surface area per unit

mass of the solid phase) of the minerals with a Micromeritics

ASAP 2020 Accelerated Surface Area and Porosimetry System

using the Brunauer-Emmett-Teller (BET) adsorption method

with nitrogen gas as the adsorbate. The values of SSM and grain

density d, determined by helium pycnometry, for the crushed

minerals are listed in Table 1. Samples having a heterogeneous

mineralogy were created by mixing quartz and hematite grains

of the same size to produce mixtures with nine hematite concen-

trations, represented as a volume fraction of the solid phase: 0,

0.005, 0.010, 0.020, 0.050, 0.100, 0.200, .0500, and 1. A spe-

cific solid-volume fraction hS of a mineral was achieved by

Figure 2. Schematic illustration of the factors expected to control
diffusional coupling in sediments with a bimodal mineralogy. (a)
Three cases are shown with gray and black grains representing
two different mineralogies. In the top panel, ‘S is greater than the
diffusion length ‘D. Increasing the concentration of black grains
(bottom left panel), or decreasing the mean grain size (bottom
right panel), decreases ‘S. (b) The length scale ‘S (solid line)
decreases relative to ‘D (dashed line) as a function of grain size
and mineral concentration. Hatch marks indicate the condition
‘S<‘D, for which diffusional coupling is predicted to occur.

Figure 3. Optical microscope images of the (a) coarse quartz
grains and (b) coarse hematite grains.
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controlling the mass m of the mineral constituents in each mix-

ture and using experimentally determined values of grain density

d in the following mixture equation:

hS1 ¼
m1=d1

m1=d1
þ m2=d2

; (8)

where the subscript numbers denote either of the two mineral

phases. For each of the nine concentrations, we created one

coarse-grained mixture and one fine-grained mixture. Each mix-

ture was gently tumbled for one minute to ensure that the min-

eral grains were evenly dispersed.

Dry samples of each mixture were packed into cylindrical

Teflon sample holders with an inner diameter of 2.1 cm and a

height of 6 cm. To achieve maximum saturation, packed sam-

ples were first evacuated for 30 minutes under a vacuum of 75

mm Hg. Samples were then submerged in a DDI water bath

before atmospheric pressure was restored and were left to

saturate for two hours. We determined the porosity / of each

sample gravimetrically, by comparing sample weights before

and after saturation. We list / values for the single-mineral

quartz and hematite samples in Table 1 and values of S/V,

where S is now the total surface area of the material and V is

the total volume of the pore space. The ratio S/V is calculated

using the following equation:

S=V ¼
1� /

/
SSMd : (9)

NMR measurements

We collected NMR T2 relaxation measurements for all sam-

ples with a 2.2 MHz MARAN Ultra NMR core analyzer (manu-

factured by Resonance Instruments) using a CPMG pulse

sequence. Each sample was placed in the analyzer for one hour

before measurements were collected to equilibrate with the

instrument temperature. Relaxation data were stacked 100 times

to achieve a high signal-to-noise ratio (�150) and were consis-

tently acquired at 30�C. The echo time (tE) was varied

(tE¼ 300, 400, 600, and 800 ms) between repeated measure-

ments to determine the magnitude of T2D; however, only data

for the shortest echo time tE¼ 300 ms were used for subsequent

detailed analysis. Directly after collecting measurements for

each saturated sample, we extracted the pore fluid by centrifug-

ing and collected independent relaxation measurements on the

extracted fluid to determine T2B.

The stacked CPMG decay signals were inverted to obtain T2

distributions using a regularized, nonnegative least-squares Lap-

lace transform algorithm developed after Whittall et al. (1991).

In this algorithm, logarithmically sampled decay data are fit to

200 logarithmically spaced T2 values, ranging from 0.1 ms to 10 s.

The ill-posed inversion is regularized by minimizing the roughness

of the resulting T2 distribution. Regularization parameters were

selected so that the residual data misfit appropriately matches the

measured noise level.

EXPERIMENTAL RESULTS

Single-mineral samples

Before examining results for the heterogeneous mixtures, we

first summarize results for the single-mineral samples, which

serve as end members. For each single-mineral sample, we cal-

culate the bulk fluid, surface, and diffusion relaxation rates (in

equation 1) based on the mean log relaxation rate, using the

approach of Keating and Knight (2007), and list these values in

Table 1. Values of T2B
�1 are taken from measurements on the

centrifuged pore fluid; T2D
�1 is determined using a linear

regression of T2ml
�1 versus tE

2 for measurements at varied echo

time; T2S
�1 is determined from equation 1 after subtracting con-

tributions from T2B
�1 and T2D

�1. We also present values of q
estimated from equation 3 using NMR-derived values of T2S

�1

and BET-derived values of S/V.

We find that estimated q values for hematite are nearly two

orders of magnitude higher than those of quartz. This variation

in q values agrees well with the data presented by Keating and

Knight (2007). Thus, mixtures of these two minerals were con-

firmed to provide heterogeneous relaxation environments of in-

terest in our study. We note that q values for the coarse- and

fine-grained samples differ by about 20% for the quartz and

15% for the hematite. For the quartz samples, which contain

few paramagnetic impurities, these differences likely reflect

light surface contamination introduced during the crushing and

sieving process. For the hematite samples, which are crushed

from a natural mineral specimen, we expect that grains from

different growth zones will differ in their exact mineralogy and

thus exhibit a substantial range of q values.

An important consideration in the analysis of NMR data is

determining whether the relaxation process can be described

using the fast-diffusion approximation. Both quartz samples sat-

isfy the condition for fast diffusion (qr/D�1). Approximating

an upper bound on the pore radius r as equivalent to the average

grain radius, qr/D¼ 0.087 for the coarse quartz sample; for the

fine quartz sample, qr/D¼ 0.007. The hematite samples, on the

other hand, approach but do not strictly satisfy the fast-diffusion

regime. For the coarse hematite sample, qr/D¼ 1.73; for the

fine hematite sample, qr/D¼ 0.62. Estimated values of q for the

hematite should therefore be considered approximate, represent-

ing a reasonable lower bound on this parameter.

Table 1. Experimentally determined properties of the homogeneous end-member samples.

Grain Ss d S/V T2ml
�1 T2B

�1 T2D
�1 T2S

�1 q
size (m2/g) (g/cm3) U (mm�1) (s�1) (s�1) (s�1) (s�1) (mm/s)

Quartz Coarse 0.161 2.61 0.442 0.530 0.619 0.328 0 0.291 0.549

Fine 0.966 2.62 0.482 2.71 2.21 0.329 0 1.88 0.694

Hematite Coarse 0.091 5.59 0.440 0.650 37.0 0.336 3.50 33.2 51.0

Fine 0.610 5.61 0.479 3.71 227 0.348 5.60 221 59.7
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Full relaxation-time distributions for the four single-mineral

samples are shown in Figure 4; the top row shows the quartz

samples; the bottom row shows the hematite samples; the left

and right columns correspond to the coarse- and fine-grained

samples, respectively; and all distributions are normalized by

the total signal amplitude. Both pure quartz samples exhibit a

narrow distribution with a single peak positioned at long-T2 val-

ues. The pure hematite samples, in contrast, exhibit broader dis-

tributions with multiple peaks spread over a range of short-T2

values. Two factors likely contribute to the breadth of the hema-

tite distributions. Foremost, as previously mentioned, we expect

that the natural hematite grains do not all exhibit identical min-

eralogy and so might have widely varying values of q and sur-

face area. Second, because the hematite samples do not strictly

satisfy the condition of fast diffusion, surface relaxation will

occur at more than one rate and so multiple or broadened peaks

are expected to be observed.

One important result shown in Figure 4 is that, for a given

grain size, the T2 distributions for quartz and hematite do not

overlap. Referring to the maximum relaxation time for the hem-

atite distribution as TH,MAX and the minimum observed relaxa-

tion time for the quartz distribution as TQ,MIN, we find that

TH,MAX¼ 0.440 s and TQ,MIN¼ 0.784 s for the coarse-grained

samples, and TH,MAX¼ 0.0488 s and TQ,MIN¼ 0.207 s for the

fine-grained samples. The fact that the quartz and hematite dis-

tributions are thus distinct from one another allows us to devise

a preliminary framework in which to analyze T2 distributions

for the quartz-hematite mixtures. Signals relaxing at T2 values

shorter than TH,MAX should correspond to spins that sample pore

environments dominated by hematite surfaces. Signals exhibiting

relaxation times longer than TQ,MIN should correspond to spins

that sample only quartz surfaces. The presence of substantial

signal relaxing at intermediate time (TH,MAX>T2> TQ,MIN)

should indicate that these two relaxation environments are

coupled by the diffusion of spins.

Heterogeneous samples

In Figure 5, we present T2 distributions for the complete suite

of heterogeneous samples in two columns: coarse-grained sam-

ples appear in the left column; fine-grained samples appear in

the right column. Hematite concentrations increase downward

with the volume fraction of the solid phase composed of hema-

tite hSH listed at the center of each row. Distributions for the

single-mineral samples are shown at the top (quartz) and bottom

(hematite) of each column. All of the distributions are shaded to

reflect the cutoff times defined above: signals relaxing at times

shorter than TH,MAX are shaded black and are referred to as

hematite signal; signals relaxing at times longer than TQ,MIN are

shaded white and are referred to as quartz signal; gray shading

is used for signals relaxing at intermediate times. We calculate

the fraction of the total signal contained in each of these T2

ranges and list these values in Table 2 as AH, AQ, and AI,

respectively. In addition to the shading, T2ml for the pure quartz

sample is displayed as a dashed vertical line over the columns

of plots for each grain size.

Let us first consider the T2 distributions for the coarse-grained

heterogeneous samples (left column). We observe that distribu-

tions for the three samples with the lowest hematite concentra-

tion (hSH¼ 0.005, 0.01, 0.02) exhibit similar characteristics. A

tall narrow peak at long-T2 values corresponds in position to the

peak for pure quartz. A small amount of hematite signal is

located at short T2. The total amplitude of this hematite signal,

indicated by AH, increases in an approximately linear relation-

ship with the hematite concentration. We note for these low

concentrations of hematite, no signal exists at intermediate T2

values and the bimodal mineralogy is generally discernible from

the separate peaks in the distributions.

As the hematite concentration increases above hSH¼ 0.05, the

hematite signal continues to increase linearly in amplitude with

hSH, and a distribution emerges which is similar to that of the

pure hematite sample. The signal at long T2, on the other hand,

begins to broaden and shift toward shorter relaxation times that

are no longer representative of the pure quartz sample. This

change is reflected by an increase in the amplitude of intermedi-

ate signal AI, relaxing at times between TH,MAX and TQ,MIN. At

a concentration of hSH¼ 0.20, AI exceeds 31%, and the distribu-

tion no longer conveys the presence of an underlying bimodal

mineralogy. For the mixture with the highest concentration,

hSH¼ 0.50, there is no signal relaxing at times longer than

TQ,MIN, and the entire distribution closely resembles that of the

pure hematite sample.

Distributions for the fine-grained samples (left column of

Figure 5) exhibit patterns very similar to those observed for the

coarse-grained samples. We note, however, that for samples

with concentrations greater than hSH¼ 0.05, a greater portion of

the signal shifts from long relaxation times to intermediate

relaxation times. At a concentration of hSH¼ 0.1, for the fine-

grained sample, the majority of the signal relaxes at intermedi-

ate times (AI ¼ 58.1%); in comparison, SI ¼ 19.0% at this con-

centration for the coarse-grained sample. At a concentration of

hSH¼ 0.2, there is no signal relaxing at times longer than TQ,MIN

for the fine-grained samples.

These experimental observations are generally compatible

with the model illustrated in Figure 2, in which diffusional cou-

pling is controlled by the relative magnitude of the separation

Figure 4. Experimentally determined T2 distributions for the four
homogeneous end-member samples: (a) coarse-grained quartz, (b)
coarse-grained hematite, (c) fine-grained quartz, and (d) fine-
grained hematite. All distributions are normalized by the total sig-
nal amplitude.
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length ‘S and the diffusion length ‘D, which varies with grain

size and mineral concentration. At low hematite concentrations,

we expect the separation length between hematite surfaces to be

much greater than the diffusion length. Under this condition,

most spins can sample only one mineralogy before relaxing, and

thus we observe distinct peaks in the T2 distribution that are re-

flective of the homogeneous quartz or hematite end members.

As the hematite concentration increases, ‘S must eventually

become shorter than ‘D. Under this condition, most spins

become able to sample both quartz and hematite surfaces and so

Figure 5. Experimentally determined T2 distributions for the full suite
of unconsolidated quartz-hematite mixtures and homogeneous end-
member samples. Distributions in the left column correspond to the
coarse-grained samples; those in the right column correspond to the
fine-grained samples. The hematite concentration increases down-
ward; hSH is listed at the center of each row. Shading reflects the
cutoff times TH,MAX and TQ,MIN: black shading reflects signals relax-
ing at times shorter than TH,MAX; white shading reflects signals relax-
ing at times longer than TQ,MIN; gray shading is used for signals
relaxing at intermediate times. A dashed vertical line in each column
of plots reflects the value T2Q, calculated as the mean log relaxation
time of the homogeneous quartz sample.

Table 2. Percentage of NMR signal classified as hematite
signal (AH), intermediate signal (AI), and quartz signal (AQ)
for all experimental samples.

hSH AH(%) AI(%) AQ(%)

0 0 0 100

0.005 1.8 0 98.2

0.010 2.7 0 97.4

0.020 5.2 0 94.8

Coarse 0.050 11.3 2.5 86.2

0.100 20.2 19.0 61

0.200 49.5 31.1 20

0.500 95.7 4.3 0

1 100 0 0

0 0 0 100

0.005 1.4 0 98.6

0.010 2.6 0 97.4

0.020 4.7 0.1 95.2

Fine 0.050 12.2 2.2 85.6

0.100 21 58.1 20.9

0.200 53.5 46.2 0.2

0.500 98.2 1.8 0

1 100 0 0
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relax at intermediate times. Because the separation length also

decreases with grain size, coupling is more significant for the

fine-grained samples. These experimental results clearly demon-

strate the importance and impact of diffusional coupling on

NMR relaxation measurements in unconsolidated sediments.

ANALYSIS OF CRITICAL LENGTH SCALES

IN HETEROGENEOUS SEDIMENTS

To quantify more directly how the relative magnitude of ‘S

and ‘D influence the relaxation response for the samples, we

consider how each length scale varies between the samples as a

function of hematite concentration and grain size. This analysis

provides insights into the link between the composition of an

unconsolidated material and the length scales governing diffu-

sional coupling, a necessary first step in accounting for this

effect in the interpretation of NMR relaxation data.

We first consider the separation length ‘S. As a simple model,

we approximate the hematite grains as uniform spheres evenly

spaced at the centers of a cubic grid, as shown in Figure 6. This

simplified model is generally appropriate for low hematite-con-

centration mixtures, when the spacing between hematite grains

is not strongly dependent on packing geometry. The space

between the hematite grains can be viewed as a continuum of

quartz grains and pore space. In this arrangement, the side

dimension of each model cube d can be calculated as

d ¼ 4p
3hSHð1� /Þ

� �1=3

rg ; (10)

where rg is the mean grain radius. The relevant separation

length is the average distance a spin will diffuse before sam-

pling a hematite surface. In a simple 1D system of separated

plates, the mean distance a spin will diffuse to sample a plate

surface is one-half the spacing between the plate surfaces. Thus,

in this more complex 3D case, we approximate ‘S as the aver-

age distance from the face of the model cube, halfway between

hematite grains, to the grain surface, given by

d

2

ð1

0

ð1

0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ 12

p
dxdy

0
@

1
A� rg �

d

2
1:28ð Þ � rg : (11)

We note that this rough approximation of ‘S assumes uni-

form grain size and spacing, and does not take into account the

tortuosity of the path between surfaces. In reality, the grains are

not uniformly spaced, and some spread will occur in the distri-

bution of ‘S values in each mixture.

Let us now consider the size of ‘D, the average distance a

spin can diffuse (and potentially encounter a hematite surface)

before relaxing. Because spins will eventually relax at quartz

surface if they cannot reach a hematite surface, the maximum

value for ‘D will be determined by the relaxation time of quartz.

We thus calculate the upper limit for ‘D from equation 7 as

‘D �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
6DT2Q

p
; (12)

where T2Q is the mean log relaxation time for the pure quartz

sample and D is the self-diffusion coefficient of water at 30�C
— 2.46� 10–9 m2/s (Simpson and Carr, 1958). We note that

because T2Q is shorter for the fine-grained quartz than for the

coarse-grained quartz, ‘D is grain-size dependent and will be

shorter in the fine-grained mixtures because spins will have a

shorter time to diffuse before relaxing.

In Figure 7a, we plot values of ‘S and ‘D, estimated using the

above equations for our laboratory samples; thick and fine lines

correspond to the coarse- and fine-grained samples, respectively.

The solid curves reflect the estimated value of ‘S as a function

of hSH, and the dashed lines reflect the estimated value of ‘D. In

Figure 7b, we show ‘S/‘D as a function of hSH; ‘S/‘D< 1 indi-

cates the existence of conditions that favor diffusional coupling.

For the coarse-grained samples, when hSH> 0.08, ‘S/‘D< 1; for

the fine-grained samples, when hSH> 0.03, ‘S/‘D< 1. We further

note that for all concentrations, ‘S/‘D is much less for the fine-

grained samples than for the coarse-grained samples. For exam-

ple, at an intermediate concentration of hSH¼ 0.01, ‘S/‘D is

�0.55 for the fine samples and �0.90 for the coarse samples.

Our experimental observations are consistent with this analysis

of the variation in the critical length scales and the conceptual

model shown in Figure 2. At concentrations where we predict

‘S/‘D< 1, we observe changes in the T2 distributions consistent

with the presence of diffusional coupling. The observation that

coupling effects are more prevalent for the fine-grained mixtures

is explained by the fact that ‘S/‘D is significantly smaller for these

samples. Analysis of the variation in ‘S/‘D suggests that it might

be possible to predict the extent of diffusional coupling given in-

formation about mineral concentration, surface relaxivity, and

grain size. We note that whereas Figure 7 predicts coupling should

be observed at lower concentrations for the finer grained mixtures,

our experimental results show that coupling is first observed at a

concentration of 5% for both grain sizes. This minor discrepancy

could be attributed to the fact that the mean free path is shorter in

the fine-grained samples; as such, ‘D will likely be overestimated

by equation 12, which assumes unbound self-diffusion.

ANALYSIS OF RELAXATION TIMES

IN HETEROGENEOUS SEDIMENTS

Having demonstrated how the extent of coupling varies with

grain size and mineral concentration, we now more closely

explore what specific information is conveyed by the T2 distri-

butions under these varied conditions. Although these systems

are heterogeneous at the pore scale, we find that what is

Figure 6. Illustration of the simplified model used to approximate
‘S. Gray hematite grains are approximated as spheres, having ra-
dius rg, lying at the center of cubic unit cells, having uniform
dimension d. The space between the hematite grains can be
viewed as a continuum of quartz grains and pore space.
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captured in the distributions depends on the relative magnitude

of times that can be independently associated with relaxation at

quartz surfaces and relaxation at hematite surfaces.

Let us first independently consider the time associated with

relaxation at quartz surfaces. Because of the very low value of q,

relaxation at quartz surfaces will always occur in the fast-

diffusion regime, regardless of the concentration or spacing

between quartz grains. This relaxation time associated with

quartz surfaces is given by T2Q and is equivalent to qQSQ/V,

where qQ and SQ are, respectively, the relaxivity and the surface

area of quartz. Let us next independently consider the time

associated with relaxation at hematite surfaces. Relaxation at

hematite surfaces, which have a high value of q, requires a short

separation distance between hematite surfaces to satisfy the con-

dition for fast diffusion. At high hematite concentrations, when

hematite surfaces are closely spaced, this condition is nearly met

and the relaxation time T2H will be approximated by qHSH/V,

where qH and SH are, respectively, the relaxivity and the surface

area of hematite. At low hematite concentrations, on the other

hand, hematite grains are sparsely distributed, and the distance

separating hematite surfaces is sufficiently long that relaxation

with respect to these surfaces will be limited by diffusion.

In the diffusion-limited regime, the decay time of the domi-

nant mode associated with the high-q surface will be propor-

tional to the mean-squared distance a spin will diffuse to a reach

the relaxing surface. We refer to this relaxation time, in our

analysis of the hematite-quartz systems, as T2H,slow and estimate

the magnitude of this time as follows:

T �1
2H;slow � 6D

‘2
s

; (13)

where we have taken equation 4, describing slow diffusion in a

single pore, and replaced the pore radius r with the separation

length ‘S. In addition to this dominant relaxation mode, there

also exist higher order modes that will exhibit shorter relaxation

times related to q of the hematite surface.

When we consider a mixture of hematite and quartz, the rela-

tive magnitudes of these relaxation times determine the overall

response of the heterogeneous system. Specifically, the relaxa-

tion process that is characterized by the shortest time will domi-

nate the overall relaxation response. For mixtures with a low

concentration of hematite, ‘S is large, so (as seen in equation

13) T2H,slow�T2Q. As a result, relaxation at quartz surfaces

limits the maximum observed relaxation time to T2Q. The peak

at long T2 thus directly reflects T2Q and the relaxation response

of the homogeneous quartz sample. The relaxation mode given

by T2H,slow does not contribute significantly to relaxation; how-

ever, a portion of the signal relaxing at short T2 corresponds to

the higher order modes of relaxation at hematite surfaces in the

slow-diffusion regime. These modes exhibit shorter relaxation

times, and are roughly representative of the T2 distribution for

the pure hematite sample. The amplitude of the signal in these

modes, given by SH, increases linearly with hSH and approxi-

mately reflects the volume fraction of water, which can diffuse

to a nearby hematite surface within the relaxation time associ-

ated with these higher order modes. For the low-hSH samples,

the observed T2 distribution thus captures, independently, the

relaxation properties of the two mineral constituents and thus

directly reflects the heterogeneous nature of the mixtures.

As the hematite concentration increases and ‘S decreases,

T2H,slow eventually becomes shorter than T2Q. We note that the

condition T2H,slow<T2Q, as defined here, is equivalent to the con-

dition ‘S/‘D< 1 , in which diffusional coupling effects become

apparent (i.e., both conditions indicate ‘S
2/6D< TQ.). At this

critical point, the maximum observed relaxation time becomes

limited by T2H,slow instead of T2Q. Therefore, the long-T2 peak

shifts to a time that is a function of ‘S, describing the distance

between hematite surfaces, instead of qS/V for either mineral

constituent. The signal at short T2 still reflects the higher order

modes representative of the pure hematite samples.

As the hematite concentration continues to increase, hematite

grains are more closely spaced, and ‘S decreases to a point that

relaxation at hematite surfaces approaches the fast-diffusion re-

gime. McCall et al. (1991) theorize that in the condition of fast dif-

fusion and strong coupling, the relaxation rate of a heterogeneous

system will reflect the average value of qS/V for the entire pore

space; i.e., we can write the following approximate model equation:

T�1
2 � q

S

V
� ðqHSH þ qQSQÞ=V : (14)

Because qH�qQ, the term qQSQ can be neglected and, in the

case of strong coupling and fast diffusion, the average value of

T2
–1 is expected to become a linear function of the surface area

composed of hematite, which is approximated by hSH.

In Figure 8, we plot the mean log relaxation rate T2ml
–1 versus

hSH for the (a) coarse and (b) fine samples. The dashed gray line

Figure 7. Comparison of theoretically approximated values of the
‘S and ‘D for the laboratory samples. Coarse and fine lines corre-
spond to the coarse- and fine-grained samples, respectively. (a) Solid
lines show the estimated value of ‘S as a function of hSH; dashed
lines reflect the estimated value of ‘D. (b) Solid lines show the esti-
mated ratio ‘S/‘D; a gray line at ‘S/‘D¼ 1 is provided for reference.

Figure 8. The mean log relaxation time plotted versus hSH for the
(a) coarse-grained and (b) fine-grained samples. The dashed gray
line connects points at hSH¼ 0 and hSH¼ 1 and approximates the
trend of the average value of qS/V. Inset plots show higher detail for
points with low hematite concentrations of hSH¼ 0 to hSH¼ 0.100.
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connecting the points at hSH¼ 0 and hSH¼ 1 displays the trend

in qHSH, which approximates the average value of qS/V for the

pore space. We find that for the high-concentration mixtures in

which coupling is strong (hSH greater than �0.1), the observed

values of T2ml
–1 generally follow this trend, and thus convey the

relative mineral concentrations and the average value of qS/V.

For the low-concentration samples, which are not in the fast-dif-

fusion, strong-coupling limit, T2ml
–1 follows a shallower slope,

and T2ml
–1 is skewed toward qQSQ instead of the average qS/V of

the mixtures. In comparison to our results, analytic and numerical

results from Ryu and Johnson (2009) suggest that an average

value of T2
–1 will not always provide a reliable indication of

pore-scale heterogeneity in q, and that the heterogeneous charac-

ter of the pore space tends to be more directly apparent in the

slope of the relaxation decay at late times only.

Our findings demonstrate that the relaxation-time distribution

in heterogeneous sediments provides fundamentally different in-

formation depending on the relative magnitude of critical length

scales and the extent of diffusional coupling. For conditions in

which coupling is weak, the relaxation-time distribution captures

the heterogeneous nature of the sediments and independently

conveys the relaxation properties of the sample constituents.

When coupling is strong, the underlying heterogeneity is

obscured, and the measured relaxation times instead reflect the

averaged relaxation properties of the medium. These averaged

relaxation properties are most strongly influenced by the distribu-

tion of the fastest relaxing surfaces; in the systems considered

here, fast-relaxing hematite surfaces dominate the relaxation

response. We have shown that in unconsolidated sediments with

a heterogeneous mineralogy, the extent of coupling will depend

largely on the relative concentrations of the mineral phases, their

q-value, and grain size. This information thus can be used to

estimate the magnitude of coupling, and to account for this pro-

cess in the interpretation of the measured NMR relaxation times.

Here, we have explored systems in which the measured relax-

ation rates and the influence of heterogeneity are dominated by

the surface relaxation process. We note that the presence of

minerals with considerable magnetic susceptibility can give rise

to an additional relaxation process associated with an inhomoge-

neous internal magnetic field. These magnetic relaxation effects

will further influence the measured relaxation time T2 (Keating

and Knight, 2008) and have a particularly pronounced effect on

the relaxation time T2* (Grunewald and Knight, 2011), which is

measured most directly by surface-based NMR instruments. Fur-

ther work is required to understand how the magnetic suscepti-

bility of the grains will influence measured relaxation times in

heterogeneous systems.

CONCLUSIONS

Measurements of NMR relaxation times provide a unique per-

spective into the pore space of geologic media. Following deca-

des of NMR applications in petroleum well logging, there exists

a growing interest in using borehole and surface-based NMR

techniques to characterize pore-scale properties of geologic

materials in the critical zone of the earth’s near surface. Suc-

cessful interpretation of these measurements, however, requires

a more complete understanding of the factors controlling the

NMR relaxation response in the geologic materials most com-

monly encountered in these environments. In this study, we

have focused on investigating NMR relaxation times in uncon-

solidated heterogeneous sediments, and more specifically, sedi-

ments with a bimodal mineralogy.

Our laboratory experiments, using controlled mixtures of

quartz and hematite grains, demonstrate that the information

conveyed by the relaxation-time distribution in these materials

depends critically on the magnitude of two key length scales

affecting the process of diffusional coupling: the diffusion

length and the separation length. When the separation length is

much longer than the diffusion length, the relaxation-time distri-

bution conveys the heterogeneous character of the mixtures and

independently reflects the relaxation properties of the two mix-

ture constituents. When the separation length is much shorter

than the diffusion length, diffusional coupling obscures the het-

erogeneous character of the mixture; however, the average

relaxation properties are captured more directly by the measured

relaxation time. The extent of coupling is shown to be highly

dependent on the mineral concentration and grain size, both of

which strongly influence the magnitude of the separation length.

This study complements one of our previous laboratory studies,

which explores how variation in the diffusion length influences

the extent of coupling.

The manner in which heterogeneity is reflected by the relaxa-

tion-time distribution has important implications for the estimation

of pore-scale parameters from measured relaxation times. In cer-

tain situations, pore-scale parameters might most accurately be

derived based on the average relaxation properties of the pore

space, conveyed in the case of strong coupling. In other cases,

these parameters might depend most strongly on the properties of

the individual heterogeneous components, conveyed only under

conditions of weak coupling. As an example, permeability, which

is estimated using the link between the surface relaxation rate and

the surface-area-to-volume ratio S/V, will in some cases be de-

pendent on the average value of S/V, and in other cases might be

more strongly influenced by S/V in a particular region of the pore

space (e.g., the largest or smallest pores). We note that because

mineralogy and pore geometry both control the surface relaxation

rate (qS/V), our samples with uniform pore geometry and hetero-

geneous mineralogy (q) are roughly analogous in their NMR

behavior to samples with uniform q and heterogeneous pore ge-

ometry (S/V). In practice, the relaxation-time distributions can

reflect heterogeneity in q, heterogeneity in S/V, or heterogeneity

in both of these parameters.

These experiments have considered relatively simple, well-

characterized materials that allow us to explore systematically

the factors controlling the NMR response over a wide but con-

trolled range of conditions. Specifically, we have investigated

unconsolidated sediments in which heterogeneity occurs with

varying mineralogy between grains; however, we note that het-

erogeneity could occur in other forms in nature (e.g., heteroge-

neous surface mineralogy on the surface of a single grain). We

expect that the fundamental factors identified in this study will

also be critical to determining the relaxation response in other

geologic materials, including consolidated rocks as well as other

unconsolidated sediments. In future research, it will be espe-

cially valuable to extend the framework of this study to explore

directly the NMR relaxation response of natural unconsolidated

sediments containing magnetic minerals. Continued research in

this area will serve to advance the use of NMR as a powerful

investigative tool in near-surface applications.
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