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 Nuclear magnetic resonance (NMR) procedure 
typically minimizes the effects of external magnetic  eld 
gradients on the transverse relaxation. Thus, longitudinal, 
T1, and transverse, T2, relaxation times should in principle 
be similar. However, internal magnetic  eld gradients 
related to minerals can shorten T2, as compared to T1, 
provided the saturating  uid has high af  nity to the 
solid. Consequently, the T1/T2 ratio should quantify the 
af  nity between the mineral and wetting pore  uid, so we 
estimate wettability from logging data by comparing the 
T1/T2 ratio of oil and water peaks in the reservoir zone to 
the T1/T2 ratio in the water zone. We tested the hypothesis 
on core samples and used the predicted wettability to 
successfully determining the elastic bulk modulus of 
samples containing oil and water.
 In order to investigate the T2-shortening, we 
performed 1D and 2D NMR experiments on samples 
of chalk, kaolinitic sandstone, and chloritic greensand, 
saturated either with water, oil or oil/water at irreducible 
water saturation. The 1D NMR experiment involved 
determination of T2 spectrum, whereas the 2D NMR 
experiments included determination of T1-T2 and D-T2 
maps, where D is the intrinsic diffusion coef  cient.
 T2 spectra show that in all water-saturated samples, 
surface relaxation dominates; in oil-saturated chalk and 

kaolinitic sandstone, bulk relaxation dominates; whereas T2 
of oil-saturated greensand shows surface relaxation in the 
part of the spectrum representing chlorite. In all samples 
with irreducible water saturation, water shows surface 
relaxation, whereas oil shows bulk relaxation. In line with 
this observation D-T2 maps of these samples show  eld-
gradient effects in the oil, but not in the water indicating 
that the water is trapped between solid and oil due to 
restricted diffusion. 
 A T2 shortening will increase the T1/T2 ratio, so we use 
the T1/T2 ratio obtained from T1-T2 maps as a measure of 
 uid-mineral af  nity. By this measure, the chalk shows 

high af  nity for water, the kaolinitic sandstone has no clear 
preference for oil or water, whereas chloritic greensand 
shows different behavior for small and large pores. 
Small pores (fast-relaxing components) have T1/T2 = 2.0 
when water saturated, but T1/T2 = 3.8 when oil saturated, 
indicating oil-af  nity of chlorite. By contrast, large pores 
(slow-relaxing components) have signi  cant preference for 
water (T1/T2 = 2.2) as compared to oil (T1/T2 = 1.2 to 1.4).
 Overall, this paper provides an insight into the preference 
of a mineral to a  uid and ultimately into determining the 
wettability and correct pore-  uid distribution of a reservoir 
rock.

INTRODUCTION

 This paper presents a method for estimating wettability 
in partially saturated reservoir rocks based on T1/T2 data 
acquired from low-  eld NMR spectrometry (Valori et al., 
2013). Elucidating the wettability of a hydrocarbon reservoir 
is one of the major challenges in reservoir evaluation. 
The wettability of reservoir rocks affects the distribution 
of oil and water and the residual saturations of reservoir 
 uids. In a log interpretation context, elasticity data can be 

interpreted by Gassmann’s (1951)  uid substitution if the 

 uid distribution in the pore space is known. When both oil 
and water are present in the pore space of a rock, the  uid 
wetting the surface of the mineral is expected to de  ne the 
 uid supporting the solid frame and therefore dominates 

the  uid stiffness. In an oil-wet rock the bulk modulus of 
the oil is expected to dominate the elasticity of the  uid, 
whereas in a water-wet system the bulk modulus of the 
water is expected to dominate the elasticity of the pore  uid. 
Therefore, given the elasticity of a rock saturated with  uids 
of known elasticity, we determine the elasticity of the  uid 
mixture, and as a result, the  uid supporting the solid frame.
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METHOD

 The method requires two sets of T1 and T2 data: (1) 
at 100% saturation with a wetting  uid, and (2) at partial 
saturation with a wetting and a nonwetting  uid. NMR 
surface relaxation involves an adsorption of the pore  uid 
molecules at a short distance from the mineral surface, so 
only a wetting  uid will contribute to the surface relaxation 
(Howard, 1998). During the adsorption of molecules to 
the mineral, the close proximity of the mineral causes an 
increased relaxation of the T2 signal relative to the T1 signal, 
so a higher value of T1/T2 indicates that adsorption has taken 
place, and thus T1/T2 should be an indicator of wettability.  
In order to test the idea, we compare the T1 and T2 signals of 
three sets of plug samples, representing one chalk locality 
and two sandstone localities with variable mineralogy. Each 
set comprises three samples saturated respectively with 
water, oil, and with oil/water at irreducible water saturation.

Field Gradients 
 Low-  eld NMR spectrometry of porous media involves 
the measurement of the relaxation rate of the protons present 
in the pore  uid of a fully saturated medium (Dunn et al., 
2002). Longitudinal and transverse relaxation representing 
 uid in a porous medium may both contain an element of 

bulk-  uid relaxation when the interaction of the  uid with 
the solid is small, but they are typically dominated by 
surface relaxation. In such case, molecular diffusion and 
limited pore size cause the majority of molecules to take 
part in solid-  uid interaction (Borgia et al., 1991; Kleinberg 
et al., 1993). In a uniform magnetic  eld, bulk and surface 
relaxation of low-viscosity  uids, such as brines and light 
oils, longitudinal and transverse relaxations are equal, 
but in the presence of external or internal magnetic  eld 
gradients a third relaxation mechanism is caused by the 
molecular diffusion. This mechanism affects the transverse 
relaxation (Dunn et al., 2002). External  eld gradients 
are due to the experimental setup, whereas internal  eld 
gradients are caused by the magnetic-susceptibility contrast 
between the  uid and the surface of the mineral, and may be 
enhanced by the presence of paramagnetic minerals (Dunn 
et al., 2002). The internal  eld gradients have short range 
and typically only affect the protons in  uids wetting the 
mineral surface. Therefore, given a magnetic-susceptibility 
contrast between the solid and the  uid, a direct physical 
adsorption of the  uid onto the solid is required to measure 
the surface relaxation (Le Doussal and Sen, 1992). The 
internal  eld gradients are dif  cult to predict precisely, but 
can be measured experimentally (Sun and Dunn, 2002). 
During NMR experiments, contributions due to internal or 
external  eld gradients are practically eliminated from the 

longitudinal relaxation by using the inversion-recovery-free-
induction-decay (IRFID) pulse sequence (Dunn et al., 2002). 
The contribution of the external  eld gradients can also be 
minimized when transverse-relaxation measurements are 
performed with the use of a CPMG (Carr-Purcell-Meiboom-
Gill, named after the authors) pulse sequence (Dunn et al., 
2002) at low Larmor frequencies but the effects of internal 
 eld gradients are not eliminated (Kleinberg et al., 1993). 

The experimental procedure can also be set up to enhance 
the effect of diffusion in an external  eld gradient, so the 
resulting intrinsic diffusion coef  cient (D) can be used to 
discriminate between different pore  uids, and a 2D map of 
D versus T2 can reveal the presence of internal  eld gradients 
(Hurlimann et al., 2003; Flaum et al., 2005; Zielinski et al., 
2010). 

T1 and T2
 After each NMR relaxation measurement, an inversion 
technique converts the longitudinal and transverse relaxation 
decay curve into a T1 and a T2 spectrum, respectively (Dunn 
et al., 2002). Assuming that the bulk-  uid relaxation is slow 
compared to surface relaxation and that the relaxation due 
to  eld gradients is negligible, the longitudinal or transverse 
relaxation rates are similar, 1/T1,2, (1/s) and proportional to 
the surface-to-volume ratio, S/V, (1/ m) of the pore space:

                                                                                                (1)

The surface relaxivity, 1,2, quanti  es the ability of a 
mineral to enhance longitudinal and transverse relaxation, 
respectively, and is considered to be constant for any given 
solid-  uid system (Keating and Knight, 2012).
 Several authors claim that T1 or T2 may be used to de  ne 
the wettability of a formation (Hsu et al., 1992; Howard, 
1998; Zhang et al., 2000; Guan et al., 2002; Heaton et al., 
2002; Al-Mahrooqi et al., 2003; Fleury and De  andre, 
2003; Looyestijn and Hofman, 2006), but in most of these 
studies, rocks were saturated with a single  uid; either water 
or oil. When comparing different rocks with similar  uid, 
the observed relaxation rates are proportional to S/V. As a 
result, T1 and T2 measurements cannot be readily used to 
compare  uid-solid interactions of materials with different 
pore size. When using NMR logging data from hydrocarbon 
reservoirs, where both oil and water are present, a major 
limitation of using 1D T1 or T2 measurements for wettability 
determinations is that in complex pore systems oil and water 
cannot be separated from T1 or T2 alone since the water signal 
may overlap with the oil signal. In this case, the difference 
in the self-diffusion coef  cient of each  uid, D, might in 
principle separate the signal of water and oil (Flaum et al., 
2005). However, for T2 < 10 ms, D is not measurable because 



128 PETROPHYSICS April 2017

of hardware limitations (Jiang et al., 2013). 
 The interaction of  uids with a speci  c type of solid 
is re  ected in the T1/T2 ratio because the ratio of relaxation 
times, T1/T2, is independent of pore geometry and is only 
affected by changes in the surface relaxivity. This is relevant 
when determining the surface and bulk relaxation of pore 
 uids, and the relaxation due to diffusion is negligible. For 

this reason, several authors used the T1/T2 ratio to study 
adsorption and desorption phenomena in porous catalysts 
(Weber et al., 2009; Mitchell et al., 2013; D’Agostino et al., 
2014), and McDonald et al. (2005) used the T1/T2 ratio to 
describe the chemical exchange between water and cement 
paste. The T1/T2 ratio can be determined from 1D T1 and T2 
measurements (e.g., Kleinberg et al., 1993), as well as from 
2D NMR measurements, i.e., T1-T2 maps (e.g., Schoenfelder 
et al., 2008). 

Samples and Procedures
 The rock samples comprise three plugs of chalk, three 
plugs of kaolinite bearing sandstone and three plugs of 
chlorite-bearing greensand. The chalk is from Tor Formation 
of the Gorm  eld in the North Sea (Bæk, 2014), the kaolinite- 
bearing sandstone is from a quarry in the Berea Formation 
(Churcher et al., 1991) and the chlorite-bearing greensand is 
from the Solsort  eld in the North Sea (Bæk, 2014). 
 All samples are vertical and have the same size (37-mm 
diameter and 30-mm length). The plugs are divided into 
batches of three. Each batch comprises one plug of chalk, 
one greensand and one Berea sandstone plug. Core plugs 
were cleaned with the Soxhlet extraction technique, using 
methanol and toluene, and dried afterwards at 60oC for three 
days.

Characterization 
 Backscatter electron micrographs (BSEM) were 
recorded with a Quanta 200 (FEI) scanning electron 
microscope on polished thin sections of all samples. The 
mineral composition of all rocks and insoluble residues 
was identi  ed by X-ray diffraction (XRD) by using Cu K-  
radiation with a Philips PW 1830 diffractometer.

Speci  c Surface Area
 The speci  c surface area (SBET) of the samples with 
respect to weight (m2/g) was obtained with the nitrogen 
adsorption method using the Autosorb iQ gas sorption 
system from Quantachrome Instruments. Brunauer, Emmet 
and Teller (BET) inversion (Brunauer et al., 1938) was used 
to calculate the SBET (multipoint). 

Mercury Intrusion Capillary Curves 
 The MICP pore-throat-size distribution of the rocks 
was obtained with a Poremaster® PM 33-GT-12, mercury 
porosimetry analyzer and the conversion of pressure data 
to pore-throat-size distribution was performed with the 
Poremaster software from QuantachromeTM Instruments.

Porosity and Permeability Measurements 
 Helium porosity and Klinkenberg-corrected 
permeability were measured on cleaned and dried core 
plugs using a PoroPerm Production 2 gas porosimeter from 
Vinci Technologies. The bulk volume of the samples was 
determined from mercury immersion and Archimedes’ 
principle. 

Saturation
 The  rst batch of core plugs was saturated only with salt 
water, the second batch only with dead oil and the third batch 
with dead oil and salt water at irreducible water saturation. 
The salt water was chosen to be 30,000 ppm NaCl solution 
and the selected dead oil came from the South Arne  eld, 
Danish North Sea (Bæk, 2014). The density of the salt water 
(1.019 g/cm3) and of dead oil (0.845 g/cm3) was measured 
using a digital density meter of high accuracy (±0.001). The 
dead oil properties are given in Table 1.

 Table 1—South Arne Dead Oil Properties

 For obtaining full water and oil saturation, Batches 1 and 
2, pressure saturation was used. For the case of irreducible 
water saturation, Batch 3 was  rstly fully saturated with salt 
water. For the chalk sample, oil was then  ushed into the 
pore space until no more water is expelled from the rock. 
In order to achieve irreducible water saturation for Berea 
sandstone and greensand, porous-plate desaturation was 
used (Gray et al., 1993). All samples were kept 12 hours in a 
pressure vessel at 1,600 psi fully covered with oil in order to 
ensure full saturation. Complete saturation was veri  ed by 
using the dry and saturated weight, grain volume by helium 
expansion, water and oil density. Information about the 
saturation is presented in Table 2. All samples were stored 
at ambient temperature and pressure for three months before 
the NMR measurements were performed.

Katika et al.
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  Table 2—Saturation of the Core Plugs

Batch 1 consists of the water-saturated rocks
Batch 2 consists of the oil-saturated rocks
Batch 3 consists of the water- and oil-saturated rocks at irreducible 
water saturation

T2 Distributions 
 In the present study, the NMR measurements were made 
with a 2-MHz Magritek Rock Core AnalyzerTM at 40oC. T2 
relaxations were measured using the CPMG pulse sequence 
(Dunn et al., 2002) at a signal-to-noise ratio (SNR) equal to 
250. The polarization time was selected at 5 s, the number of 
echoes at 16,000, and the echo spacing (TE) at 100 s.

T1- T2 and T2-D Measurements 
 T1-T2 and D-T2 maps were constructed using similar 
acquisition parameters as in T2 measurements for the transverse 
relaxation time (Sun et al., 2004). T1 was measured using 
IRFID pulse sequence (Dunn et al., 2002). T1 measurements 
were performed using 30 logarithmically spaced wait times 
ranging from 0.1 to 10,000 ms. A combination of CPMG 
and pulse-gradient-spin-echo (PGSE) experiments were 
used for T2-D correlations (Latour et al., 1993). A pair of 
gradient pulses of duration, , 1.5 ms and separation, , of 
10 ms, was applied on both sides of the 180° pulse. The 
strength, g, of the gradient pulses was incremented between 
experiments. We used 16,000 echoes and TE at 100 s. The 
raw 2D data were analyzed using 2D distribution function 
and an inverse Laplace transform to generate the 2D maps 
(Venkataramanan et al., 2002; Hürlimann et al., 2003; Song, 
2010). For pure  uids, the  uid diffusivity was measured 
with the PGSE pulse sequence prior to the experiments 
(Latour et al., 1993).

Elastic-Wave Measurements 
 Elastic-wave velocities were measured, before and after 
the saturation, by placing the sample between two pistons 
of a loading frame under uniaxial uncon  ned compression 
at 2 MPa. The compressional- and shear-wave velocity 
were measured by recording the travel time of a transmitted 
ultrasonic wave at 200 kHz through the sample.
 In order to evaluate the stiffness of the rock we calculated 
the elastic moduli that are related to the dynamic properties 
of the rock. The compressional-wave modulus, M (GPa), is 

related to the compressional-wave velocity, VP (km/s), and 
the density,  (g/cm3). The shear-wave modulus, G (GPa), 
is related to the shear-wave velocity, VS (km/s), and the 
density. The two moduli provide information about the bulk 
modulus, K (GPa), of the rock as shown in the following 
equations:

                                                                                                 (2)

                                                                                                 (3)

                                                                                                (4)

The drained bulk modulus, Kf (GPa) was also modeled from 
Gassmann’s  uid substitution, for all the  uid-saturated 
rocks (Gassmann, 1951):

                                                                                              (5)

where Ksat is the bulk modulus for the saturated rock,  is 
the porosity, Km is the mineral bulk modulus and K   is the 
modulus of the saturating  uid. The effective mineral bulk 
modulus for greensand was estimated using the Voigt-Reuss-
Hill average (Mavko et al., 2009) (Fig. 1). The bulk modulus 
of the  uids, were determined from Batzle and Wang (1992). 
The modulus of each mineral and  uid used in our modeling 
are given in Table 3. For comparison, the bulk modulus of 
the two-  uid-solid system was determined in two ways; in 
the softest (Reuss, 1929) and the stiffest way (Voigt, 1910). 

 Fig. 1—Solid-grain bulk modulus of quartz-chlorite mixtures as a 
function of chlorite fraction. The outer two curves represent the Voigt 
and Reuss bounds (citation in Mavko et al., 2009). The dotted curve in 
the middle is calculated from Hill’s average (Hill, 1952).

Low-Field NMR Spectrometry of Chalk and Argillaceous Sandstones: Rock-Fluid Af  nity Assessed from T1/T2 Ratio
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 Table 3—Bulk and Shear Moduli of the Minerals and Fluids

Data are based on citations in Mavko et al. (2009)

RESULTS 

Characterization
 Backscatter electron micrographs of all lithologies are 
shown in Fig. 2. The mineral composition of all rocks is given 
in Table 4. The chalk has a bimodal grain-size distribution, 
but the pore space is homogeneous. The Berea sandstone 
is rich in quartz and part of the pore space contains loose 

Fig. 2—Low- (top row) and high-resolution (bottom row) backscatter electron micrographs (BSEM) of the (a) reservoir chalk, (b) Berea sandstone, 
and (c) reservoir greensand. Black areas constitute pore space. “Ch” stands for chloride, “Q” for quartz and “K” for kaolinite.

kaolinite. The greensand is rich in quartz and chlorite grains 
as well as pore-  lling chlorite. The speci  c surface area of 
the samples with respect to weight (m2/g), helium porosity, 
and Klinkenberg corrected permeability for all samples is 
given in Table 5. The pore-throat-size distribution of all 
rocks is given in Fig. 3.

 Table 4—Mineral Composition of the Core Material

M - Represents the major components from XRD analysis
m - Represents the minor components from XRD analysis

Katika et al.
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Table 5—Petrophysical Properties of the Core Plugs

 Fig. 3—The pore-throat-size distribution measured by mercury intrusion for (a) reservoir chalk, (b) Berea sandstone, and (c) reservoir greensand.

T2 Measurements
 The T2 distributions of the bulk water (T2max = 2,600 
ms) and oil (T2max = 470 ms) are shown in Figs. 4a and 
4b, respectively.  The crude oil is a mixture of different 
hydrocarbons that relax at different rates; hence, the broad T2 
spectrum (Rueslåtten et al., 1994; Flaum et al., 2005) (Fig. 
4b). Figure 5 presents the T2 distributions for each lithology 
for each saturation state. The T2max values (highest peaks of 
the distribution) are shown in Table 6. The NMR porosity 
of the fully water-saturated plugs was derived from the T2 
distributions of the water-saturated core plugs (  rst column 
in Fig. 5) according to Coates et al. (1999) and given in 
Table 5. 

 Fig. 4—The T2 distribution of the (a) bulk water and (b) bulk oil.

T1/T2 Ratio from T1-T2 Maps
 Figure 6 presents the T1-T2 maps. We divided each T1-T2 
map in two regions: one for relaxation times < 50 ms and 
the other for higher values. For each region, the T1/T2 ratio 
was calculated at the point of highest intensity in the map, 
(T1/T2)max (light yellow color). The (T1/T2)LM values for the 
same regions were also determined from the logarithmic 
mean value of the projections of the two distributions. 
For example, in the case of water-saturated chalk we only 
observe one region for T1/T2 ratio > 50 ms, whereas, when 
the same rock contains oil and water, two regions are seen in 
the same map. Table 6 summarizes all the results. 

D-T2 maps
 Figure 7 presents the D-T2 maps for all the plugs where 
lines have been drawn that illustrate the D-T2 correlation 
of the bulk water and oil (Hurlimann et al., 2003). The 
horizontal line in each map indicates the molecular diffusion 
coef  cient of water (2.58×10-10 m2/s at 40oC); the inclined 
line indicates the diffusion-relaxation correlation for the 
crude oil used in this study based on the molecular diffusion 
coef  cient of the oil (2.42×10-9 m2/s at 40oC) as well as the 
density and viscosity in Table 1 (Lo et al., 2002). 

Low-Field NMR Spectrometry of Chalk and Argillaceous Sandstones: Rock-Fluid Af  nity Assessed from T1/T2 Ratio
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 Fig. 5—The T2 distributions of the reservoir chalk (top row), Berea sandstone (middle row) and reservoir greensand (bottom row). The left column 
represents rocks saturated with water, the center column rocks saturated with oil and the right column rocks saturated with oil and water at irreducible 
water saturation. 

Table 6—The T2max Values from Fig. 5, (T1/T2)max and (T1/T2)LM Ratio of the Rocks from the T1-T2 2D Maps in Fig. 6

Katika et al.
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Fig. 6—T1-T2 maps of reservoir chalk, Berea sandstone and reservoir greensand. The left column represents rocks saturated with water, the center 
column represents rocks saturated with oil and the right column represents rocks saturated with oil and water at irreducible water saturation. 
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Fig. 7—The D-T2 maps of reservoir chalk, Berea sandstone and reservoir greensand. The left column represents rocks saturated with water, the 
center column represents rocks saturated with oil and the right column represents rocks saturated with oil and water at irreducible water saturation. 
The horizontal dashed line indicates the molecular diffusion coef  cient of water, whereas the inclined dashed line shows the correlation between the 
average diffusion coef  cient and average relaxation times of oil according to Hurlimann et al. (2002). 

Fluid Substitution
 Figure 8a illustrates the Kf of the water-saturated rocks 
compared to the Kf of the rocks saturated with both oil and 
water where the effective bulk modulus of the mixed  uid 
was determined using the Voigt bound. Figure 8b illustrates 
the Kf of the oil-saturated rocks compared to the Kf of the 

rocks saturated with both oil and water as the effective bulk 
modulus of the mixed  uid was determined using the Reuss 
bound. In both  gures, all values of Kf were subtracted from 
the Kdry to minimize the visual effects of differences among 
the samples. All the bulk moduli reported in the present 
study are summarized in Table 7.

Katika et al.
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 Fig. 8—(a) The frame bulk modulus, Kf, of the water-saturated rocks vs. the frame bulk modulus, Kf, of the oil- and water-saturated rocks at irreducible 
water saturation where the Voigt bound de  nes the effective bulk modulus of the  uids in the pore space. (b) The value of Kf of the oil-saturated rocks 
vs. the value of Kf of the oil- and water-saturated rocks at irreducible water saturation where the Reuss bound de  nes the effective bulk modulus of 
the  uids in the pore space. All values of Kf are subtracted from the Kdry value of the samples in order to focus on  uid effects. 

Table 7—The Frame Bulk Modulus De  ned by Gassmann’s Fluid Substitution, Kf, of the Chalk, Berea Sandstone and Greensand

DISCUSSION 

Bulk and Surface Transverse Relaxation
 The NMR porosity values are similar to the porosity 
measured with helium expansion on dry rocks (Table 5), 
and the T2 distributions of the water-saturated chalk, Berea 
sandstone and greensand shown in Fig. 5 resemble the 
pore-throat-size distributions as obtained from the MICP 
measurements (Fig. 3). A similarity of the two distributions 
has been noted in several porous rocks, including Bentheimer 
sandstone, Berea sandstone and Texas Cream limestone 
(Marschall et al., 1995; Liaw et al., 1996). The slow bulk 
relaxation of the free water (Fig. 4a) seems to have no effect 
on the T2 distribution of the water-saturated rock, indicating 
that the solid-  uid interaction dominates the transverse 
relaxation.
 By contrast, the T2 distribution of the oil-saturated chalk 
and Berea sandstone (center column in Fig. 5) resembles the 

T2 spectrum of the free oil (Fig. 4b) and does not re  ect the 
pore-size distribution of each lithology given in Fig. 3. If 
the value of T2max for the oil-saturated rocks, was used in Eq. 
1, then the S/V, and as a result the pore diameter, would be 
underestimated, for a standard value of surface relaxivity.  
In such cases, the adsorption of the  uid to the mineral 
is signi  cantly low, despite the fact that the magnetic 
susceptibility contrast between the oil and the mineral 
is high (Clark and Emerson, 1991). The bulk relaxation 
of the oil dominates the transverse relaxation and surface 
effects are not visible in the T2 distribution from any fast-
relaxing components; and Eq. 1 no longer describes the total 
relaxation. The T2max of the free oil (T2max = 470 ms) is similar 
to the oil-saturated rock for chalk and sandstone. Given the 
fact that the surface relaxation for chalk and sandstone is 82 
and 195 ms, respectively (Fig. 5), this is an indication that 
the  uid, in this case the oil, has a minimum interaction with 
the solid. This observation is in accordance with previous 

Low-Field NMR Spectrometry of Chalk and Argillaceous Sandstones: Rock-Fluid Af  nity Assessed from T1/T2 Ratio
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studies, which illustrate that the T2 distribution is a re  ection 
of the pore-size distribution only if the  uid wets the rock 
(Guan et al., 2002; Fleury and De  andre, 2003). In Fig. 5, 
the T2 distribution of the oil-saturated greensand re  ects 
the bulk relaxation of the free oil (T2max = 348 ms), and a 
solid-  uid interaction is also indicated since a second peak 
at lower relaxation times is present (T2max = 30 ms). The T2 
spectrum of the oil-saturated greensand is thus the result of 
both surface and bulk relaxation in the pore space. It is worth 
mentioning that an investigation conducted on reservoir 
greensands from the North Sea, indicated that chlorite is 
preferably oil-wet (citation in Barclay and Worden, 2000; 
Lessenger et al., 2015).
 The T2 distribution of the oil- and water-saturated chalk, 
Berea sandstone and greensand has two peaks: the left peak 
probably is the result of solid-bound-water interaction, 
whereas the right peak resembles the bulk relaxation of the 
free oil. This observation is in accordance with Talabi and 
Blunt (2010) and Guan et al. (2002). The water interacts with 
the surface of the mineral while the oil relaxes according to 
the bulk relaxation suggesting that there is no interaction of 
this  uid with the pore walls. 

Internal Field Gradients and Restricted Diffusion
 The correlation of T2 and self-diffusivity coef  cient 
for the  uid in the pore space of the water-saturated chalk 
matches the water line (horizontal line in Fig. 7) of the map in 
the left column of Fig. 7. For the case of the water-saturated 
Berea sandstone and greensand, the D-T2 correlation of the 
 uid in the rock shows a higher self-diffusivity coef  cient 

than the water indicating the presence of internal  eld 
gradients (Hürlimann et al., 2004; Flaum et al., 2005). 
 The D-T2 correlation of chalk, Berea sandstone and 
greensand fully saturated with oil matches the free-oil line 
at the highest intensity point (inclined line in Fig. 7). Effects 
of the internal  eld gradients are not expected in the oil-
saturated chalk and Berea sandstone, since there is no oil-
solid interaction. In the case of greensand the single peak 
indicates that effect of diffusion of oil is only seen for the 
large pores. Probably because the T2 < 10 ms (as observed 
before in Fig. 5), of the short peak is shorter than the gradient 
separation (  = 10 ms) in the PGSE measurements. The  rst 
relaxing component should be “slower” than 10 ms in order 
to be recorded from the PGSE measurements.
 For the rocks that have both oil and water in the pore 
space we might expect to see two different regions: one 
matching the water line and one matching the oil line due 
to the difference in the self-diffusion coef  cient of the two 
 uids. The T2 projections of the 2D maps of the oil and 

water-saturated chalk and sandstone include both oil and 
water relaxation rates and match the  rst and second graph 

of the right column of Fig. 5. The short relaxation of the fast-
relaxing components of greensand cannot be seen in the T2 
projection of the 2D maps of the oil and water-saturated rock 
in Fig. 5 due to the low values of the gradient separation. 
According to the projections of the axes of each 2D map 
in Fig. 7, the short-relaxing components are only visible in 
the x-axis, (where the T2 is presented) but the diffusion was 
not properly measured in the y-axis due to the long gradient 
separation. Therefore, a correlation of these two values 
was not achieved and the  nal graph did not contain this 
information. But, in the 2D maps we observed only values 
below the horizontal “water” line indicating restricted 
diffusion. This is in accordance with previous studies that 
illustrated that the water is unable to illustrate the effects 
of the external  eld gradients unless the amount of water 
present in the rocks is high (Hürlimann et al., 2004; Flaum et 
al., 2005). 

Wettability Determination from T1/T2 
 In the case of chalk, the T1/T2 ratio is higher when there 
is water instead of oil present in the pore space, when the 
values decrease from T1/T2 = 2 to 2.3 to T1/T2 = 1 to 1.4, 
respectively. In the case of both oil- and water-saturated 
chalk, the left peak has higher T1/T2, representing the strong 
attraction of the water to the surface (Fig. 6). 
 In the case of Berea sandstone the T1/T2 ratio varies 
between T1/T2 = 1 and 1.4, in both regions when there is either 
water or oil present in the pore space. In the case of both oi- 
and water-saturated rock, the  rst peak has relatively higher 
T1/T2, but the negligible differences could be interpreted as a 
neutral response to both water and oil.
 In the case of greensand the T1/T2 ratio of the fast-
relaxing components (small pores) is higher when there is 
oil (T1/T2 = 3.8) instead of water (T1/T2 = 2.0) present in the 
pore space. By contrast, the slow-relaxing components (big 
pores) have a higher ratio when in contact with water (T1/T2 
= 2.2) than with oil (T1/T2 = 1.2). Of the two minerals that 
dominate the mineralogy of greensand, chlorite occupies 
the small pores and shows high oil attraction compared to 
quartz. This is an indication of the mixed wettability of the 
rock.

Fluid Distribution
 From the bulk moduli of the oil- and water-saturated 
chalk illustrated in Fig. 8a we observe that the Kf calculated 
at the Voigt bound is similar to the Kf of the water-saturated 
chalk, and that using the Reuss bound for chalk leads to a 
huge overestimation of the frame stiffness (Fig. 8b). This 
indicates that for the case of chalk in the presence of both 
oil and water in the pore space, water is the  uid supporting 
the frame. For the two sandstones, using the Voigt bound 

Katika et al.



April 2017 PETROPHYSICS 137

leads to lower frame stiffness (Fig. 8a) indicating that the 
 uid mixture is softer than the Voigt bound. On the other 

hand, using the Reuss bound leads to high prediction of the 
frame stiffness, indicating that the  uid mixtures are stiffer 
than the Reuss bound (Fig. 8a), so that a Hill average is 
recommendable. These observations support the results for 
NMR, indicating that the chalk is water-wet whereas the two 
sandstones are intermediate, respectively mixed-wet.

CONCLUSIONS

 Low-  eld NMR and ultrasonic velocity measurements 
were done on reservoir chalk, Berea sandstone and chloritic 
greensand at three different saturation states; water, oil as 
well as oil and water at irreducible water saturation. The 
following approach to quantify the solid-  uid af  nity and 
 uid distribution in a rock was used:

 • The pore  uid of the reservoir rock relaxes as a 
  free  uid or due to the solid-  uid interaction in the 
  porous medium. Surface relaxation of a pore  uid 
  indicates solid-  uid af  nity, whereas bulk relaxation 
  indicates the opposite.
 • The T1/T2 ratio was used as an indicator to quantify 
  the  uid-solid af  nity in reservoir rocks. The T1/T2 
  ratio illustrates the strength with which a  uid adsorbs 
  on a solid; the higher the adsorption strength the 
  higher the ratio. The  uid wetting the surface of a 
  mineral has a higher ratio than other  uids present in 
  the pore space. 
 • The  uid distribution obtained from the T1/T2 ratio can 
  be applied when estimating the  uid moduli in 
  rocks, bearing two  uids. The compounds should be 
  mixed according to the Voigt average in the water-wet 
  case, the Reuss average in the oil-wet case and a 
  Hill average in the intermediate or mixed-wet 
  case. This is relevant for Gassmann’s  uid 
  substitution in elasticity studies for core and log 
  analysis.
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NOMENCLATURE

Abbreviations

BET =

NMR =
IRFID =

CPMG =
MICP =
PGSE =

Brunauer-Emmet-Teller

nuclear magnetic resonance
inversion-recovery-free-induction-decay pulse 
sequence
Carr-Purcell-Meiboom-Gill pulse sequence
Mercury intrusion capillary pressure curves
Pulsed gradient spin-echo

Symbols
D =
g =
G =
K =
Kf =

Km =
K   = 

Ksat =
M =

SBET =
S/V =
TE =
T1 =
T2 =

T2max = 
VP =
VS =

 =
 = 

P = 
 = 
 = 

intrinsic diffusion coef  cient
strength of the gradient pulses
shear-wave modulus
bulk modulus
bulk modulus of the drained rock
bulk modulus of the mineral
Bulk modulus of the saturating  uid
bulk modulus for the saturated rock
compressional-wave modulus
speci  c surface area with respect to weight
surface-to-volume ratio
echo spacing
longitudinal relaxation time
transverse relaxation time
highest T2 value of the distribution
compressional-wave velocity
shear-wave velocity
duration of gradient pulses 
separation time of gradient pulses
density
surface relaxivity 
porosity
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