
 

6 Summary and Conclusions 

Representative carbonate samples were selected from 7 

reservoirs across the Middle East Region. Unique rock 

types were established based on porosity-permeability 

characteristics, capillary pressure and textural facies. 

Three main porosity-permeability trends were identified 

based on textures. Carmen-Kozeny (FZI), Lucia (RFN) 

and Winland (r35) permeability equations were used to 

model the experimental data. The following conclusions 

can be derived from this study, 

1. Three porosity-permeability correlations were derived 

for the 3 main textures by (best-fit) power regression. 

The power equations can predict permeability with 

uncertainty factor of +/- 2 (figure 1). 

2. Grainy RRT’s showed the highest degree of 

permeability variation within the same porosity range. 

Muddy samples can be satisfactorily described by a 

single power correlation.   

3. Three FZI trends modelled the porosity-permeability 

data and honoured the geological textures (figure 11). 

Permeability can be estimated with a factor of +/- 2 but 

the samples with the same FZI do not necessarily 

represent similar flow unit as originally claimed. 

4. Three RFN trends modelled the porosity-permeability 

data and honoured the geological textures (figure 19). 

For the grainy RRT’s, permeability estimation can 

vary +/- one order of magnitude (a factor of 10) but the 

prediction is much better for the mixed and muddy 

RRT’s (factor of +/- 2). Samples with same RFN do 

not necessarily represent similar flow unit.  

5. Winland r35 trends poorly modelled the experimental 

data (figure 23) and did not conform to the texture-

based correlations. 
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Abstract. Magnetic Resonance relaxation time distribution measurements, notably T2 measurement, are 

commonly employed as a proxy measurement of pore size. They are not direct measurements of pore size and 

may only be converted to pore size through a separate determination of a relaxivity. In this work we employ 

the Brownstein-Tarr interpretation of magnetic resonance relaxation to identify non-ground modes of signal 

decay. These modes, most readily identified through a T1-T2 measurement, permit determination of an average 

pore size and surface relaxivities 1 and 2. Bulk pore size measurements are reported for three different 

sandstones with average pore size confirmed by electron microscopy. The pore size measurement may be 

spatially resolved with a spatially resolved T1-T2 measurement, implemented with an inversion recovery 

preparation for an SE-SPI T2 mapping measurement. Spatially resolved pore size measurements agree with 

bulk measurements. 

1 Introduction  

Pore size is one of the most basic core analysis 

measurements. In principal magnetic resonance (MR) is 

ideally suited to such a measurement given sensitivity of 

the MR signal lifetimes to pore size through surface 

relaxation. A surface bound fluid layer in rapid exchange 

with a bulk like volume is assumed to yield an average 

MR signal lifetime that is proportional to the pore size. A 

distribution of lifetimes is thus a useful proxy for the pore 

size distribution [1]. Such lifetimes however require a 

separate calibration of surface relaxivity to permit 

conversion to a pore size with conventional units of size.  

    We have recently found that the Brownstein-Tarr 

approach [2] to interpreting MR relaxation rates permits a 

determination of average pore size in brine saturated core 

plugs [3,4]. The Brownstein-Tarr approach considers the 

competition between surface relaxation and diffusion 

within a pore and predicts multi-modal relaxation decay 

for T1 and T2 even for single pores. Multi-modal 

relaxation decay manifests itself as multiple signal 

lifetimes in a conventional relaxation experiment. 

Identifying and discriminating the ground mode signal 

lifetimes and the non-ground mode signal lifetimes is 

problematic in a conventional 1D relaxation experiment 

where realistic porous media have a distribution of 

lifetimes due to a distribution of pore sizes, in addition to 

short signal lifetime components due to clay bound water 

and other features. 

    Multi-modal relaxation in MR, according to the 

Brownstein-Tarr theory, has been recognized and 

understood for many years [5]. Song has emphasized the 

use of internal gradients to modify the non-ground mode 

signals [6]. The opportunity for exploiting non-ground 

modes to determine pore size has not been realized prior 

to our work. 

     Identifying and discriminating the ground and non-

ground modes is easier in a 2D T1-T2 relaxation 

correlation experiment as described in this work. The T1-

T2 experiment has found great utility in core analysis 

through its ability to discriminate molecular species [7], 

discriminate pore environments [8] and in more 

sophisticated interpretations, to measure wettability [9]. 

In previous work we have developed an adiabatic slice 

selective approach to a spatially resolved T1-T2 

measurement [10]. 

    Our goals in this paper are three-fold: (i) to introduce 

the average pore size measurement to the core analysis 

community, (ii) to test the measurement through 

application to a range of samples and (iii) to introduce a 

spatially resolved measurement of the pore size. 

2 Theory 

Magnetization evolution due to translational motion of 

spins in magnetic fields is governed by the Bloch-Torrey 

equations [11]. Brownstein and Tarr [2] examined the 

solution of these equations under conditions when 

diffusion does not necessarily result in uniform 

magnetization evolution in the pore.  The Brownstein-

Tarr number BTi describes the ratio of the relaxation rate 

at pore boundaries to the rate of diffusion in a confined 

geometry.  

 

                                            BT𝑖 =
𝜌𝑖𝑙

𝐷
                          (1) 



 

 

    The index i in Eq. 1 discriminates between spin lattice 

relaxation, i = 1, with a T1 time constant and spin-spin 

relaxation, i = 2, with a T2 time constant. D is the 

molecular diffusion coefficient,  is the surface relaxivity 

while l is the confinement length or pore size. 

Confinement length is a more general description that 

recognises the possibility that a pore may be only partially 

filled by the wetting fluid and it recognizes the possibility 

that a more complicated pore geometry does not permit a 

simple descriptor of pore size. In this work we will refer 

to l as the pore size.  

    Brownstein and Tarr identified three regimes of 

behaviour based on BTi. BTi << 1 is the fast diffusion 

regime. In this regime magnetization in the pore space is 

uniform and exchange between water at the pore surface 

and bulk like water in the pore centre is rapid. In this limit 

the observed relaxation rate depends on the pore surface 

to volume ratio. We note that this regime is almost 

universally assumed in MR petrophysics. This regime is 

also the rapid exchange regime of Zimmerman and Brittin 

[12].  BTi >> 10 is the slow diffusion regime. The 

observed relaxation rate depends strongly on diffusion 

since diffusion to the pore surface is the limiting step. In 

this regime the relaxation behaviour depends weakly on 

surface relaxivity in higher order modes. The intermediate 

regime 1< BTi<10 is common in porous media and the 

observed relaxation behaviour depends on both surface 

relaxivity and diffusion. 

    The experimental data, transverse magnetization m+, 

resulting from a 2D T1-T2 measurement is given by Eq. 2. 

In this equation 1 is a time period of signal evolution with 

T1 encoding, while 2 is a time period of signal evolution 

with T2 encoding. 

 

                𝑚+(𝜏1, 𝜏2) = ∫ 𝑀+(𝒓, 𝜏1, 𝜏2) 𝑑𝒓𝒓
               (2) 

                       = ∑∑𝐼(𝑇1,𝑝, 𝑇2,𝑞)𝑒
−𝜏1 𝑇1,𝑝⁄ 𝑒−𝜏2 𝑇2,𝑞⁄

∞

𝑝=0

∞

𝑞=0

 

The experimental goal is to determine the 2D correlation 

function I(T1,p, T2,q) through inverse Laplace 

transformation as described in the next section. I(T1,p, T2,q) 

maps signal intensity to different T1 and T2 coordinates 

with p and q indexing the mode with p,q = 0 representing 

the ground mode and p,q = 1 representing the first non-

ground mode. The BTi number determines whether 

significant populations exist in the non-ground mode. In 

simple geometries, and for arbitrary BTi values, the 

eigenvalues of signal lifetime for ground and non-ground 

modes are given by Eq. 3. 

                                 𝑇𝑖,𝑛 =
𝑙2

4𝐷 𝜉𝑛,𝑖
2                                (3) 

where 𝜉𝑛,𝑖 are functions of confinement geometry, 

diffusion coefficient, eigenvalue number 𝑛, and BT𝑖. In a 

planar pore geometry 𝜉𝑛,𝑖 are the positive roots of Eq. 4 

[2]. 

                              2𝜉𝑛,𝑖 tan 𝜉𝑛,𝑖 = BT𝑖                            (4) 

Eqs. 1, 3 and 4, adapted from Brownstein-Tarr [2], are 

valid for planar pore geometries for both ground 𝑛 = 0 

and non-ground 𝑛 > 0 eigenvalues and for longitudinal 

𝑖 = 1 and transverse 𝑖 = 2 relaxation processes. These 

equations, with pore size 𝑙, and relaxivities 1, 2   

determine the experimental peak locations in T1-T2  

experiments.  
       This analysis yields a single pore size, rather than a 

distribution of pore sizes, which we interpret as an 

average pore size. The effect of pore shape does not 

significantly affect eigenvalues, and their intensities, for 

magnetic resonance relaxation in porous media. This is 

especially true for BT𝑖 ≪ 100 [2].  

3 Experimental 

The bulk T1-T2 measurement was a conventional 

inversion recovery followed by a variable T1 recovery 

period with a CPMG spin echo train read out, as described 

by Eq. 5.  

                       [𝜋 − 𝜏1 −
𝜋

2
]⏟        

𝑇1 encoding

[−(𝜏𝑖 − 𝜋 − 𝜏𝑖)𝑁]⏟          
𝑇2 encoding

               (5) 

The echo train data acquired is described by Eq. 2.  A 

regularized inverse two-dimensional Fredholm integral of 

the first kind transforms the measured signal 𝑚+(𝜏1, 𝜏2) 

into a 2D relaxation correlation function 𝐼(𝑇1,𝑝, 𝑇2,𝑞) from 

which eigenvalues of magnetic resonance relaxation may 

be identified. This process is more commonly described 

as a 2D inverse Laplace transform. The inversion 

algorithm of Venkataramanan [13] was employed in this 

work. Increasing the regularization parameter 𝛼 leads to 

smooth solutions whereas small 𝛼 leads to a discretized 

result. A large regularization parameter, 𝛼 = 1000, was 

employed to identify the dominant ground mode peak. 

The regularization parameter was systematically 

decreased, usually to 𝛼 = 0.1 to yield a discretized result 

from which the first non-ground mode can be identified. 

A direct search optimization method [14] varied 

log10 𝑙 μm⁄ , log10 𝜌1 (μm 𝑠⁄ )⁄ , and log10 𝜌2 (μm 𝑠⁄ )⁄  and 

solved Eqs. 1, 3 and 4, to match the time constants of 

eigenvalues detected in 𝐼(𝑇1,𝑝, 𝑇2,𝑞). 

Bulk T1-T2 MR measurements were performed on a 

8.59 MHz Maran DRX-HF imaging system (Oxford 

Instruments, Abingdon, UK), equipped with a 1000-watt 

RF amplifier (Tomco Technologies, Stepney, Australia), 

AE Techron 7782 gradient amplifiers (AE Techron, 

Elkhart, IN) and water cooled gradient coils. The 44 mm 

inner diameter custom-built RF probe provided 90° RF 

pulses with a duration of 10.6 𝜇𝑠 for an input RF power 

of 300 W.  The basic experiment was repeated for 55 

inversion recovery delays, spanning 500 usec to 1.9 sec. 

The echo time was 1 msec with 21 time domain points 

collected at the echo peak for signal averaging. Sixteen 

signal averages were collected for an overall experimental 

time of almost one hour. The peak SNR in the T1-T2 data 

set was more than 600. 

The spatially resolved T1-T2 measurement was 

performed on a 2.21 MHz Maran DRX2 imaging system 

(Oxford Instruments, Abingdon, UK), equipped with a 



 

25-watt RF amplifier and 1D vertical gradient coil. The 

43 mm inner diameter probe provided 90° RF pulses with 

a duration of 28.5 𝜇𝑠.  The basic experiment was repeated 

for 53 inversion recovery delays, spanning 100 usec to 10 

sec. The first and subsequent echo times were 1 msec with 

sixteen time domain data points collected at the each echo 

peak for signal averaging. Four signal averages, each 

requiring 19 minutes, were collected for 16 k-space data 

points, yielding a final image of 16 pixels. 

The samples under test, Buff Berea, Nugget, and 

Castlegate sandstones for bulk measurements, and Berea 

sandstone and Indiana limestone for spatially resolved 

measurement, were purchased from Kokurek Industries 

(Caldwell, TX). All samples had a diameter of 38 mm and 

were saturated with a 2% (w/v) solution of NaCl in 

distilled water. The Buff Berea, Nugget, and Castlegate 

sandstone core plugs were 50 mm in length, whereas the 

Berea sandstone and Indiana limestone core plugs were 

cut to 25 mm length to form a composite 1D sample of 50 

mm length.  

Natural drying was minimized by wrapping the core 

plugs with Teflon tape and a plastic film. The samples 

were maintained at 23 ºC during data acquisition. 

   

4 Results and Discussion 

Experimental bulk T1-T2 results are reported in Figs. 1-3 

for brine saturated Buff Berea, Castlegate and Nugget 

sandstones. For each sample the three-part figure shows 

the T1-T2 distribution determined by inversion with three 

levels of regularization. The coarsest result, 𝛼 = 1000, 

permits one to identify the ground mode and its T1, T2 

coordinates. The dominant ground mode peak is 

vulnerable to pearling with small values of the 

regularization parameter but non-ground mode peaks are 

not distorted by pearling. The first non-ground mode is 

typically less than ten percent of the intensity of the 

ground mode, with the second ground mode reduced still 

further in intensity. In some samples the second ground 

mode is clearly observable experimentally, but not in the 

data reported here. The intensity data of the non-ground 

modes is not at present incorporated into the data analysis. 

Only their lifetime coordinates are employed in the 

analysis. 

    The T1 T2 coordinates of the modes are connected by 

the pore size l, and the relaxivities 1 and 2  in Eqs 1, 3 

and 4. Thus identifying the position of the modes permits 

determination of these three parameters through the 

optimization described above. The T1 T2 coordinates of 

the first non-ground mode, determined by optimization, 

are often displaced somewhat from the experimentally 

identified peak. The optimization process is more robust 

than might be imagined in part because there is a physical 

reality to the pore size l and the relaxivities 1 and 2. 

Values of these parameters which are too large or too 

small after optimization suggest a need to iterate the 

procedure. 

     Exploring the robustness of this measurement and 

process requires measurement of multiple samples. In the 

current study we focused on three similar but different 

sandstones as an experimental check on these procedures. 

Note that in each sample the T1-T2 data points, both 

experimental and predicted by optimization in Figs. 1-3, 

are very similar. The derived pore sizes and relaxivities 

are reported in Table 1 below. 

  
Table 1: Pore size and relaxivities of samples studied. 

Sample Pore size 

l, um 
1 , um/sec 2  , um/sec 

Buff Berea 21 130 390 

Castlegate 29 150 400 

Nugget 27 175 1000 

 

 

Figure 1: T1-T2 results for Buff Berea sandstone processed with three different values of the regularization parameter. The red crosses 

identify the experimental peaks of interest, the red boxes are calculated results. The peak at the longest lifetimes is the dominant ground 



 

mode peak. The box at intermediate lifetimes identifies the first non-ground mode. The box at the shortest lifetimes is a prediction for 

the second non-ground mode. The display scale is logarithmic to reveal low intensity peaks. 

 

Figure 2: T1-T2 results for the Castlegate sandstone processed with three different values of the regularization parameter. Other 

descriptions are as per Figure 1.  

 

Figure 3: T1-T2 results for Nugget sandstone at three different values of the regularization parameter. Other parameters and descriptions 

are as per Figure 1. 

 
Figure 4: Backscattered SEM images of resin-impregnated sandstones, with polished surfaces. The scale bar in each image 

indicates 500 um. The resin-filled pore space is black, quartz is medium gray, feldspar is light gray, while clay is dark gray. 

 

    The pore sizes and relaxivities of the samples reported 

in Table 1, in combination with the self-diffusion 

coefficient of water, show that all three samples exist in 

the intermediate regime of Brownstein-Tarr theory. T1-T2 

derived pore sizes may be checked by ground truth 

electron microscopy measurements. This is critical to the 

validation process for this new measurement. Thin section 

backscattered SEM images, Fig. 4, were acquired for each 

of the three sandstone samples. The images show a very 

similar pore structure for the three samples, with average 

pore sizes determined to be 40 um, 35 um and 37 um for 

the Buff Berea, Castlegate and Nugget samples. These are 

very similar one to another, and they match within a factor 

of 2  the T1-T2 derived values for each sample. There is no 



 

evidence for two dominant pore sizes in the T1-T2 results. 

The SEM results confirm the pore size is single modal. 

Two dominant pore sizes are revealed in T1-T2 results by 

two ground mode peaks, visible even with a large 

regularization parameter [3]. 

    The surface relaxivities reported in Table 1 are 

substantially larger, by more than an order of magnitude,  

than those reported by other investigators [15-17]. The 

minimization procedure to determine pore size and 

relaxivities in the Brownstein-Tarr analysis is more 

sensitive to the pore size that to relaxivity. The significant 

and systematic difference from literature values suggests 

however a more fundamental reason for the difference. 

The assumption of a planar pore geometry, as opposed to 

a spherical geometry, will play a role, but we believe the 

differences are related to the assumptions employed in the 

conventional determination of relaxivity as compared to 

the new measurement.  

    The Brownstein-Tarr modal analysis, and observation 

of non-ground modes in these experiments, is based on 

the combined effect of diffusion and surface relaxivity in 

determining the rate of change of observable 

magnetization.  The combined effect of size, diffusion and 

surface relaxation is manifest in Eqs. 1,3,4. The 

conventional approach to determining surface relaxivity 

assumes rapid diffusional exchange in the pore space, and 

the rate of change of observable magnetization depends 

solely on size (S/V) and surface relaxivity. An 

independent measurement of S/V permits determination 

of   in the conventional approach. If fluid in the pore is 

not in the rapid diffusion limit, and the change in 

observable magnetization depends on diffusion of fluid to 

the pore surface, the determination of  will be in error 

and the estimated value in the conventional analysis will 

be low.   The quantitative differences in  anticipated in 

the two approaches will be the subject of future 

investigation. It is certainly true that the surface relaxivity 

determined through a BT analysis, assuming diffusion is 

important, should not be employed in the conventional 

analysis to determine pore size. 

    The utility of the T1-T2 measurement for various 

purposes has suggested the merits of developing a 

spatially resolved T1-T2 measurement. Our initial work in 

this area led to a slice selective method referred to above 

[10]. The SE SPI method developed at UNB some years 

ago [18] has been very successful in measurements of 

spatially resolved T2 distributions. As an alternative to a 

slice selective regional T1-T2 we now introduce a simple 

modification of the SE SPI measurement through 

prepending an inversion pulse and variable T2 recovery 

delay to the SE SPI method to permit T1-T2 profiling. This 

pulse sequence is illustrated in Fig. 5. In order to reduce 

the measurement time we limit the number of k-space data 

points encoded to sixteen, and thus reduce the number of 

image data points to sixteen as well. Spatial encoding 

occurs through signal phase imparted by the phase 

encoding gradient applied after the first 90o pulse, 

following partial Mz recovery. The first echo in the echo 

train often has a longer echo time to permit gradient turn-

on and turn-off in the first i interval. 

 

Figure 5: Inversion prepared SE SPI T1-T2 mapping profile 

measurement. 

The spatially resolved T1-T2 weighted data sets may be 

processed, pixel by pixel, to yield a space resolved 

estimate of the pore size, via the procedures described 

above for bulk measurement. To test this methodology, 

and the analogous processing, a composite test phantom 

was created from half-length Berea and Indiana limestone 

core plugs. These fully brine saturated samples were then 

subjected to the inversion recovery SE SPI measurement 

of Fig. 5.  

    One T1-T2 weighted data set is reproduced as Fig. 6. In 

this data set we have position, 16 pixels, as the horizontal 

x axis. The image intensity is the vertical axis while the 

T2 decay is manifest as an attenuation of the core plug 

profiles in the time dimension which is echo time 

multiplied by the echo number. This particular data set 

was acquired with a long 1 value such that Mz 

magnetization is fully recovered at the commencement of 

the echo train. This makes it easier to make physical sense 

of the T2 weighted profiles that are generated for the two 

core plugs in the field of view. This data set is just one of 

53 T1 weighted data sets acquired during the 

measurement. 

    The data were analysed to yield a space resolved pore 

size within the two core plugs. The space resolved pore 

size measurement worked well, yielding a pore size of 24 

um for the Berea and 53 um for the Indiana limestone. 

Previous bulk T1-T2 measurements revealed a pore size of 

22 um for the Berea sample, with an SEM derived pore 

size of 26 um [3]. Similar bulk T1-T2 measurements of the 

Indiana limestone revealed a bimodal pore size 

distribution with large pores of 40 um and small pores of 

10 um [3]. Complementary SEM images revealed large 

pores of 50 um and 10 um. The space resolved T1-T2 

measurement does not observe the small pore size range 

in the Indiana limestone sample. The reasons for this 

discrepancy are under investigation, but probably relate to 

the difficulty of observing the short lifetime first non-

ground mode signal in the imaging data. Nevertheless, the 

space resolved results are in remarkable agreement and 



 

certainly suggest the merit of analysing experimental 

  

Figure 6: SE SPI based T1-T2 mapping profile series of a 

composite Berea sandstone and Indiana limestone phantom.  

The 1 for this data set was 9 seconds, ensuring full Mz recovery 

and no T1 weighting of the individual profiles. 

systems where the pore occupancy and thereby 

confinement length will vary with position. The 

prolonged acquisition time of the space resolved 

measurement, at present, will limit measurement to 

systems which are in a steady state. Measurement at 

higher fields will of course improve the sensitivity, at the 

expense of potentially altering the transverse relaxation 

rate due to diffusion through internal field gradients. 

5 Conclusion 

We have shown the application of a new T1-T2 

measurement of average pore size to a range of sandstone 

samples. In accord with Brownstein-Tarr theory, non-

ground modes will also appear in one dimensional 

relaxation experiments, but we believe non-ground modes 

will be easier to identify in two-dimensional experiments. 

    While a sophisticated data analysis stage is required, 

data processing is nevertheless robust. Automating the 

data processing is a clear goal but will require experience 

with a still larger cohort of samples. Future work will also 

explore the quantitative difference in relaxivities 

predicted by the new approach in comparison to a 

conventional analysis. If diffusion in the pore space is a 

common limitation on the observed relaxation rate then it 

is apparent that conventional estimates of relaxivity may 

be low as opposed to the current estimates being high.  

    We have also introduced a new spatially resolved T1-T2 

measurement which is general in application, but which 

has particular utility for space resolved pore size 

measurements via the procedures described in this paper. 
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