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Simultaneous measurement of rock permeability and effective porosity using laser-polarized
noble gas NMR
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We report simultaneous measurements of the permeability and effective porosity of oil-reservoir rock cores
using one-dimensional NMR imaging of the penetrating flow of laser-polarized xenon gas. The permeability
result agrees well with industry standard techniques, whereas effective porosity is not easily determined by
other methods. This NMR technique may have applications to the characterization of fluid flow in a wide
variety of porous and granular media.
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I. INTRODUCTION the permeability is largek~1D [4], where 1D=1 darcy

=0.978um? [1]. Impermeable rocks, such as siltstones, con-

raljw%rlglrjsmrgtee?rli;zre]‘(;frﬁsuItggrsalr?qiggtu;ﬁirsglamgless :nc(;uggist of fine or mixed-sized grains, and hence have smaller or
9 ' ’ ’ 9 fewer interconnected pores wilt~~1 mD [4].

nuses, and oil- or water-bearing “reservoir” rocks. Diagnos- = 1. 1ota1 or absolute porosity is simply the fractional

ing the structure of these materials is relevant to a wide range ume of all void space inside a porous material, whether or

Ef sc,i|eor|1t|f|cf?k:]dﬂtc_ecj:r;nologlc?l prob{gms.f For ex'ampIE,not the voids are interconnected and make a continuous
xnowledge of the Tiuld transport Properties of reServolr rockS., e through the sample. More useful, when considering
is important for the monitoring of contaminant percolation

; : - . fluid flow, is the effective porosity,: the volume fraction of
and for oil extraction. Similarly, knowledge of the evolution b We

f th truct f material biected 1o | th rpore spaces that are fully interconnected and contribute to
or the porous structure of matenais subjected 1o 1arge e, ;;y g4,y through the material, excluding dead-end or iso-

mal or mechanical stress may help characterize the dynami Sted pores that are not part of a flow path. Effective porosity

?frctrhaclgng Tndmmﬁf[e”r?cli fallulrie : ;Ii'hﬁref? a\lthomr']nnlfmg n?ﬁ Iso relates the average fluid velocity, or Darcy veloecigy
or the development and application of REw techniques a—cj/A, to the mean velocity of a tracer flowing through the
characterize complex systems such as fluid flow in porou

media. f)ore spacey, according to the simple relatidid]

Two of the most important parameters used to character- A vy GA —KVP/u
ize porous media are permeability and effective porodity Po=——=—=—"—=—""—,
Permeability is a measure of the ability of a porous material A vs Us Us

to transmit fluid, and is defined by Darcy's law as the pro-yhere A, is the effective cross-sectional area of the sample
portionality constant relating the volume flow radefor an  \yhere flow occurs. Although effective porosity can be de-
incomprgssible fluid of viscosity to the pressure gradient fined in a number of ways, absolute porosity is always larger
VP, driving the flow[2], as than or equal to the effective porosity for a given sanjple

An accurate measure of effective porosity is important for

(2)

q:_k—AV P, (1) understanding fluid flow in porous media, as well as phe-
M nomena such as the diffusion, dispersion, and deformation of
wherek is the permeability and is the total cross-sectional tSrL?eSOHd phase due to stress resulting from the applied pres-

area of th_e porous _matena{INote that Darcy's law is valid Absolute porosity and permeability are readily measur-
only for linear laminar flow where the Reynolds number

. le with existing techniquegb], although the two param-
(Re), based on average pore diameter, does not exceed 1 s
. _ e Il dtob d tely with diff t
[1]. In the experiments reported here, R&0°.} Permeabil- oIS genera ly Need 1o e Measuree separa &ty win areren

methods, and many of the techniqyesy., mercury intrusion

ity Is determm?d by(;mra]asunnglj _theﬂflwd presr?ure ?]'ﬁerTerTC orosimetry, are either invasive, toxic, or bofl,7]. More-
across a sample, and the resulting flow rate through it. Therg, o - offective porosity, the more informative porosity pa-

are various techmqu?s tha;tl realize this basic scheme, inclu ameter for fluid transport in porous media, cannot generally
Ing measurements of gas c{\ﬂ].. L be measured directly with current standard technidGe.

In one class of porous__med|a of great practical interest, In this paper, we demonstrate the simultaneous measure-
reservoir rocks, permeability can vary greatly. For example o o hermeability and effective porosity in reservoir rocks
in sandstones, where the pores are large and well connect ing laser-polarized noble gas NMR imaging, a powerful,

noninvasive probe of the spatial distribution and motion of
fluid inside a porous sample. NMR of gas-phase samples has
*Email address: rmair@cfa.harvard.edu traditionally been hampered by low nuclear spin densitg,
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FIG. 1. Schematic diagram of the experimental apparatus. The 4.7 T magnet resides in a small rf shielded room. The remaining
equipment was placed outside the room, beyond the 5 G line of the magnet. Narrow 1/8 in. i.d. Teflon tubing connected all pieces of the
apparatus. The tubing length was approximately 2.5 m from the polarizer to the sample, and 5 m from the sample to the mass flow controller.

—
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orders smaller than for solid or liquid samples, which resultss min Rb-Xe collisions boost th&Xe spin polarization to

in a much lower signal-to-noise ratio for thermally spin- ~1%, and a continuous output of polarized xenon gas was
polarized samples at the same magnetic field strength. Herthen provided to a porous sample in an NMR instrument at a
we use the spin-exchange optical pumping metf@dto controlled flow rate of 50 cAimin. Figure 1 shows a sche-
enhance the nuclear spin polarization’8tXe gas by 3—4 matic of the experimental apparatus.

orders of magnitude, producing a magnetization density that e employed both high and low permeability rocks in our
can be as high as water samples at magnetic fieldslof. ~ demonstration measurement. The high permeability rock was

An additional benefit of using a laser-polarized gas, espefontainebleau sandstone, a simple, homogeneous rock type

cially for tracer studies like those used here, is the ability tgih@t iS largely free of paramagnetic impurities and has a regu-
r and fairly narrow distribution of pore sizgs-10 to

induce a step-change in the magnetization with a train o . -
- ; 100 um) [12]. We also studied a low permeability rock, Aus-
saturating rf and gradient pulsgk0,11]. As the gas polariza f Chalk, a very fine grained, spatially homogeneous rock

tion has been produced external to the main applied magnet i &h .
field, such a saturation train essentially sets the xenon ma vith high porosity but very sma(l<10 um) and poorly con-

netization to zero—uwith the only replenishment being from ected pores. Additional rocks are being studied as part of an

polarized gas that flows into the sample after magnetizatioﬁmgo'ng project—the results from these samples W.'” b? pre-
saturation. The therma(Boltzmann polarization that re- sented elsewhe(e. All rock samples were cylindrically
establishes itself after the saturation train is so small as to b a%e(f(, ‘(’j‘”tu a dlamleter ofdl.9 cm and ba flength of 3.8 cm.
negligible. The ability to manipulate the xenon magnetiza-''e Paked the samples under vacuum before use to ensure

tion in this way is a key component in the measurements ng_sorbed water in the pore space was fe”_‘o"e_d- Th_e rack
will describe below. eing probed was held in a sample cell primarily built of

To determine permeability and effective porosity, we Machined Teflon™, inside of which the butk®Xe spin re-

monitored the movement df®Xe spins through each rock Iaxatiqn time, in the absence of a rock sam_ple,T@
sample by measuring the one-dimensiofia)) NMR signal ~2 min, much larger than the vaIu_es measured in the pores
profile, yielding a 1D image of the spatial distribution of spin Of r0Ck samples encased tlg%t)l(y in Teflon sample holders
magnetization that is dependent on the characteristics of thghere no free gas was presgftxXe T, ~1-10 9. The rock

porous medium. We measured steady-st&%e NMR pro- cell was connected to the xenon polarization chamber via

files with the polarized gas flowing through the sample: We1/8 in. inner diamete(i.d.) Teflon tubing, and the entrance

also measured penetration profiles for different inflow times© the PZQCIL(TC%” also_ hcigtilnled a drllffufsg_r plate Tzde of
These 1D images were analyzed in terms of a well-know -n;_m-t_blc ﬂe on, wit oles eacl 0 |z?1meter .I mrrr:,
application of Darcy’s law to porous media that are homoge© distribute flowing xenon gas evenly into the sample. The

neous on large lenath scaleés 100 wm in the present cage exit. side of the sample was qonnected via similar Teflon
[4,12. g ¢ &= H” P 5 tubing to a vacuum pump that induced gas flow through the

rock sample. The gas flow rate was regulated by a mass flow
controller, placed just before the vacuum pump, which pro-
Il. EXPERIMENTAL PROCEDURE vided steady flows ranging from 10 to 1000 ¥®. In con-
tinuous flow mode, the gas moved from the supply bottles,
Xenon gas (26.4% abundance of?%Xe) was spin- through the polarization chamber and then the rock sample,
polarized in a glass cell which contained a small amount otind finally through the mass flow controller and on to the
Rb metal and a total gas pressurd bar, with~92% xenon  vacuum pump.
and the remainder NWe heated the cell to 105°C to create  The rock sample was positioned in a 4.7 T horizontal bore
an appropriate Rb vapor density and induced spin polarizamagnet, interfaced to a Bruker AMX2-based NMR console.
tion in the Rb vapor via optical pumping on the Rb D1 line We employed an Alderman-Grant-style rf coNova Medi-
(~795 nm using~12 W of broad-spectrun~2 nm) light  cal Inc., Wakefield, MA for 12%Xe observation at 55.4 MHz.
provided by a fiber-coupled laser diode ar{8y13. In about  All NMR imaging experiments were non-slice-selective 1D

026312-2



SIMULTANEOUS MEASUREMENT OF ROCK. PHYSICAL REVIEW E 70, 026312(2004)

inflow of 1*°Xe magnetization before acquiring 1D NMR
profiles.

In addition to single spin-echo experiments, we used the
Carr-Purcell-Meiboom-Gill techniqué¢l5] to measure the
129e spin coherence relaxation tini&,) in the rock sample
and diffuser plate, witiz=2.1 ms and one to sixteen 180° rf
pulses prior to echo acquisition. For each point in the profile,
we fit the amplitude decay, as a function of the number of
echo loops before acquisition, to an exponential to yield
T,(2). Figure 2 shows exampl&, weighted profiles from
such an acquisition sequence. After sixteen 180° pulses
(33.6 mg, the xenon magnetization in the rock has com-
pletely dephased, but is clearly visible in the inflow tube and

FIG. 2. Example NMR profilegi.e., 1D image} of laser-  diffuser, thereby allowing us to define the start of the rock
polarized xenon gas flowing through the Austin Chalk sample whilewith an accuracy of about 1 mitequivalent to the spatial
applying a CPMG sequence before the image acquisition. The praresolution of the 1D NMR images
files include the regions occupied by the rock sanple 13 mm To confirm the NMR experiments, each rock sample was
and the Teflon diffuser platéindicated by the dashed linesThe  gjso characterized independently using standard techniques
unattenuated profiléte=2.1 mg was obtained after only a single by a commercial compangNew England Research, White
spin-echo before image acquisition. The attenuated préffe  Rjyer Junction, V. This company used a gas pycnometer to
=33.6 mg was acquired after sixteen 180° pulses, and is thusyetermine absolute porosity from gas pressure changes via
heavily T, weighted. In this profile, thé?%Xe signal from the rock Boyle’s law [16]. They measured permeability via the
h_as completely de_phased and is very sm_all,_ Wh'lel%e NMR steady-state gas flow method with a standard gas permeame-
signal from the diffuser plate remains significant. NMR profiles ter[2,3]. In these standard measurements, the accuracy of the

such as these alloW,(z) to be determined, and also permit unam- absolute porosity value is generally accepted to-i86, and
biguous identification of the position of the rock core in the experi- . '
g P P that of the permeability value-10% —20%.

mental apparatus.

Relative NMR Signal Amplitude
o
A

pr(_)files along the flow direction_ employing a hard-pulse IIl. EEEECTIVE POROSITY MEASUREMENT
spin-echo sequence with echo time=2.1 ms and an ac- AND RESULTS

quired field of view of 60 mm. The spin-echo method was

chosen in order to preserve the full echo signal over the To determine the effective porosity, we measutée
center ofk-space, which would be lost in a free-induction- NMR spin-echo profiles from each sample under the condi-
decay imaging sequence due to the length of the receivdion of steady-state polarized gas flow. Figure 3 shows ex-
dead time required with respect g [14]. Steady-state flow amples of profiles acquired for the Fontainebleau sandstone
profiles were obtained by this method without presaturationand Austin Chalk samples. The amplitude of the profile at
The 12%e polarization penetration depth was measured byeach point along the sample is proportional to te gas
preceding the echo sequence with a saturation train of rf andensity and spin polarization, the void space volume partici-
gradient pulses to destroy &fi®e magnetization inside the pating in gas flow, and the effect of spin coherence relax-
rock sample, and then waiting a variable timeto allow  ation. As discussed in Sec. IV, we corrected for gas density

1.0

o

Q I I
° Teflon u
g a) Diffuser Fontai.nebleau E b)
2.0.8 Effective porosity = 08} |
g =113 + 0.7)% E !
= — ]
E 06f g o6} : Austin chalk
a 5 L Effective porosity |
& =
2 0.4} | | § 0.4l | | (18-4 + 0.9)%
E, : : % : : Teflon
) o -
_g 0.2 1 £ 02} | KIletuser
& b 2 P
0.0 1, 1 . . ; N 0.0 | 1 . R R :
) 10 20 36 40 50 60 0 10 20 30 40 50 60
z (mm) 2 (mm)

FIG. 3. Example NMR profilegi.e., 1D imagepof laser-polarized xenon gas flowing through sampleg&pfontainebleau sandstone
and(b) Austin Chalk, with both the gas flow rate and xenon magnetization in steady state. The profiles include the regions occupied by the
rock samplegz=13 mm) and the Teflon diffuser plat@éndicated by dashed lingsThe bold lines show the profiles corrected for gas density
and polarization variation in the rock. For such typical NMR profiles, we averaged 32 signal acquisitions, each mgge2nitims, and
achieved a 1D spatial resolution of approximately 1 mm.
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TABLE |. Permeability an porosity results obtained for two reservoir rock samples, using laser-polarized
xenon MRI and traditional methods.

Sample PermeabilitymD) Effective porosity(%) Absolute porosity(%)
LP-xenon MRI  Gas permeameter LP-xenon MRI Gas pycnometer
Fontainebleau 559+93 589 11.3£0.7 12.5
Austin Chalk 2.6+£0.3 3.6 18.4+0.9 29.7

and polarization variation along the ro¢kee Fig. 3, such  termine the flow rate of laser-polarizéd®e gas through
that the ratio of profile amplitudes in the diffuser plage reservoir rocks, using the presaturation method described
medium of known porosityand the rock was proportional to above to image only xenon spins that flow into the rock
the ratio of the average void space volumes contributing taluring a defined period.

fluid flow in the two regions, with weighting factors account- A 1D NMR profile acquired with a spin-echo sequence
ing for T, relaxation. Our measurements Bf as a function provides a good representation of the spatial distribution of
of position along the sample yielded distinct values correspin magnetization per unit lengfM(z)], which can be ex-
sponding to'?%Xe in the diffuser platgT3'=76.8 m$ and  pressed a$l7]

the rock coregTY*=4.59 ms in Fontainebleau sandstone

and 12.3 ms in Austin Chajk(These differences if, arise M(2) = Agen(2Ap(2)(y 1l), (4)

from differences in magnetic susceptibility and hence back

ground magnetic gradients, as well as differing wall i”terac'effective porosityn(z) is the gas number density along the
tions) . . . directionz of gas flow,\ is the isotopic abundance &t%e
Hence, we 'determlned the effective porosity of the sample, | a5y species in the Xe gas(2) is the 2%e spin polar-
from the relation ization, andy 7l is the spin magnetization per polarized
Adgit Sock €Xp(— te/ T3 129 e atom(nuclear spin =1/2). On length scales>1 mm,
$e= rock. (3)  whered, is spatially uniform for the rocks we studied, only
Arock it EXP(~ /T2 ™) the number densitp and polarizatiorp are spatially depen-
where Ay is the cross-sectional area of void space in thedent. The parametersandp, as well as the gas velocity
diffuser; Ao is the rock sample cross-sectional ar€;  and spin relaxation tim@&; fluctuate greatly within the pore
and S, are the NMR profile amplitudes in the diffuser and length scale, due to the complicated pore structure in reser-
the rock respectively; anig is the echo time used to acquire Voir rocks. Our experiment was only sensitive to cross-
the profile.??°Xe spins located in isolated or dead-end poressectional averages of these parameters, resulting in a
larger than the 1D gas diffusion length durifg(~50 um  z-dependent measurement on a scal2 orders larger than
for our experimental conditionscontributed no significant the typical pore size.
NMR signal to the effective porosity measurement. We de- Assuming uniform laminar flowa reasonable assumption
termined the rock profile amplitudé,,) at a distance of 1 for the very low Reynolds number, Rel0™°, of these ex-
mm from the diffuser-rock interface on the upstream side oferiments, the 1D distribution of the gas number density
the gas flow. This 1 mm offset was chosen so that?®e  inside the rock sample is given [j%8]
in the diffuser contributed t&,y, and so that insignificant
depolarization had occurred for th&%Xe in the well- 1 o e 22
. , . n(Z) - Pi (P| Po) 1 (5)
connected pores that contribute to the rock’s effective poros- kgT L
ity and permeability. We also used the 1 mm offset point in , .
the rock profile to calculate the correction for gas density andVherePi and P, are respective the inlet and outlet gas pres-
polarization variation along the rock. For additional 1 mm Sures across the samplejs the sample lengttg is Boltz-
offsets, we found that the effective porosity derived from ourMann's constant, and is the gas temperature. _
measurements varied by less than other sources of uncer- The relaxation of xenon spins in the rock is dominated by
tainty: <3% fractional variation for the Fontainebleau surface interactions with paramagnetic impurities at the grain
samples, and<6% fractional variation for the Austin chalk Surfaces. Bulk xenon spin relaxation due to xenon-xenon col-
sample. Table | lists the effective porosities we determinediSions is several orders of magnitude sloW&g]. Therefore,
for the Fontainebleau sandstone and Austin Chalk rock coreda for xenon infused in a porous rock can be well-

as well as the absolute porosities determined using the gé?sOPrOXim"’l‘Eed as a mono-exponential decay of magnetiza-
pycnometer. tion. The 12°Xe spin polarization decreases along the flow

path due to spin relaxation in the rock; the attenuation over a
spatial displacemenizbeingdp(z)/dz=-1/v(2)T1(z), where
v(2) is the spatially dependent gas flow velocity andz) is

The permeability of a porous medium is generally deterthe spatially dependent mono-exponential relaxation time.
mined from the volume flow rate of fluid under a given pres-While a single Xe atom travels along random tortuous paths
sure gradienf3]. Here, we employed NMR imaging to de- defined by the microscopic pore structué€z) represents the

whereA is the cross-sectional area of the samplg,js the

IV. PERMEABILITY MEASUREMENT AND RESULTS
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FIG. 4. Examples ot?%Xe NMR profiles used in the permeability measuremegaisEontainebleau sandstori®) Austin Chalk. Profiles
shown in solid lines correspond to different delay timefollowing a sequence of rf and gradient pulses to quench all xenon magnetization
in the sample. The dash lines are profiles corrected for gas density and polarization variation.

statistically averaged spin displacement, averaged over aflon times, thereby revealing the rate of flow of laser-
spins in a plane perpendicular to the flow direction. Applyingpolarized!?®Xe gas through the rock’s pore space. Example
Darcy’s law[Eq. (1)], for v(2) =G/ A¢,, having the gas num- data for the Fontainebleau sandstone and Austin Chalk are
ber density inside the rock given by E@), and assuming shown in Fig. 4. The penetration depth,was calculated at

that 12°Xe gas follows the ideal gas law, one finds eachr by dividing the total*?°Xe NMR signal in the rock,
5 o determined from the MRI profile integrated over the rock
o(2) = - k dP_1 k P-P, (6) length, by the signal amplitude a=0. We measured the

respective inlet and outlet pressuri@sand P, with bridge

Pep 4z 2 peu LP(2) h . & N
. pressure sensorglypically, P;~3.73 bar andP,~0.78 bar
where the spatially dependent xenon gas press¥(@ for the low permeability Austin Chalk, andP;=P,

=n(2)kgT, w is the xenon viscosity, anklis the sample per-  _ 4 33 par for the high permeability Fontainebleative
meability. The spatial dependence of polarization is thereforg,saq the xenon viscosity.=2.324x 10°5Kg/m-s, for the
found to be typical experimental temperature of 25Z1]. (Gas viscos-
z ity is essentially independent of pressure and only minimally
dz 2¢e L temperature dependefitl].) Using Egs.(5) and(6) as well
P(2) = poexp - f v T,(2) = poexp<— kg P2- Pzz>v as the ideal gas lajP(2)=n(2)ksT], we derived a relation
0 ' ° between the propagation timeand penetration depté
(7 £

2 3/2

wherep,=p(z=0) and g relates the"?®e T, to gas pressure T:f E:‘—M}L’MZL—ZZ{ p3- {P,Z - (P?- Pﬁ)g} }

via T1(2) =B P(z), assumingT, is dominated by wall relax- o v(@ 3 k (P7-Pp) L

ation and hence by gas diffusion to pore wdlg], a rea-

sonable assumption given the long inherent bidfxe T;. 9
Combining Egs.(4)—7), the spatial dependence of the From Eq.(9), we determined each rock’s permeabilitys-

129e spin magnetization per unit length in a porous rock caring the experimentally measured values RorP,, andL, the

be written as known value ofu, and the values of calculated from the
1 . NMR profiles.
M(2) = ApA——(y %) po /pi2 - (P2-P?3)= For both the effective porosity and permeability measure-
kgT L ments, we corrected for gas density and spin polarization
2 L variations as described in the following. We fit th&Xe
xexp| - —— > 22). (8) NMR profiles from each rock sample, measured with steady-
k6 P -Pg state xenon flow and without prior polarization destruction

Our permeability experiments were performed with a steady(€-9-, the profiles shown in Fig),30 Eq.(8). From these fits
state gas flow, but with a zero initi&f°Xe spin polarization, ~We determined the exponential decay rat@geu/kp)
created by the application of a series of fast rf and magnetie<[L/(P/=P3)]. We then removed the pressure and spin-
field gradient pulses to spoil any spin polarization in therelaxation dependence of each profile by dividiBg (de-
sample on time scales of 20 ms, which is much faster thatermined at a 1 mm offset from the diffuser-rock interface
the time for gas transport through the samle the order of by (1/P)\P?=(P?=P?)(z/L)exp(~(2peu/ kB)[L/ P?=P2]Z},

10 9. During a subsequent delay or propagation timgo-  which is normalized to unity at 1 mm from the entrance of
larized gas entered the sample, after which we acquired atme rock sample. After this correctiaisee Figs. 3 and)4
NMR profile. We repeated this process for different propagaprofile amplitudes depended only on the fractional volume of
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the rock occupied by flowing laser-polarized xenon. Table leasily, nor directly determined with other techniques. The
lists the permeabilities we determined for the two rock typesFontainebleau sandstone has a high permeability due to its
as well as the permeabilities obtained independently usingsell-connected pores with a narrow distribution of sizes, a
the gas permeameter. fact that is consistent with the finding that the sample core
After determining the effective porosity and permeability has an effective porosity nearly as large as its absolute po-
of e_ach ;ample, we determined the spin relaxation rate pr@psity. Conversely, Austin Chalk exhibits an effective poros-
portionality coefficients from the exponential decay rate iy that is almost half the value of its absolute porosity, con-

derived from fitting**Xe NMR profiles to Eq(8). For the  gistent with the knowledge of its very low permeability due
Fontainebleau sample, thé%e spin relaxation timeT;) poor pore interconnectivity.

could therefore be calculated from the nearly constant gas |, ; ; o

. SO S - perform NMR imaging of the penetrating inflow of
Eressure in the samplePi_~_ Po~4.33 baJ, yielding T, laser-polarized xenon gas, th&Xe spin decoherence time
=6.0£1.0 s. To test the validity of E¢8) and the method of (T, in the rock samples must be sufficiently long

profile correction, we measured tHéXe T, directly; we . . ) .
created a sealed container holding a large sample of For(-wz_5 m3, for a spin-echo profile to be obtained without

tainebleau sandstone and thermally polarizéXe at the significant signal loss. Fpr the Fontainebleau arjd'Austi'n
same gas pressure used in the flowing, laser-polarized g&d1alk samples, both relatively free of paramagnetic impuri-
experiment. The result of 5.6+0.3 s agrees well with The ~ ti€s, this condition is easily satisfied, with the measured
value derived from the flowing, laser-polarized gas experi->Xe T, at 4.7 T being 4.59 and 12.3 ms in the pores of the
ment. Fontainebleau and Austin Chalk, respectively. However, the
We estimated uncertainties in the NMR-derived measureparamagnetic impurities in many rocks, especially sand-
ments of effective porosity and permeability by error propa-stones, will produce large magnetic field gradients when
gation of known uncertainties in the directly measurableplaced in magnetic fields1 T, these background gradients
quantities: NMR signal amplitudes, gas pressure, rockill significantly shorten the'?®Xe T,. One such example
sample length, and experimental timing. Limitations in thewas Berea 100, a macroscopically homogeneous, high per-
pressure gauges and the noise in acquired NMR profiles imeability [4] sandstone with a narrow distribution of pore
troduced uncertainties at least an order larger than any oth@liameters of~100 um, but with a significant content of
factors. We determined uncertainties in gas pressure valuggaramagnetic particles. In this sample, we were unable to
from the specifications of the commercial pressure gaugespeasure a spin-echo profile at 4.7 T from inflowing laser-
and in NMR signal amplitudes by calculating the standardyolarized xenon, and hence could not measure the effective
noise variance from a flat portion of the profiles without porosity or permeability. For such samples, it should be prac-
detectable Xe spins. To determine the final quoted uncertaiiicg| to operate at applied magnetic fieldd T for two rea-
ties, we then applied error propagation to E).and(9). We  sons. (i) The magnetization of laser-polarized noble gas is
note the permeability value measured for Austin Chalk usingyetermined by the optical pumping process external to the
a gas permeameter does not fall into the range limited by thgpplied NMR magnetic field,; i.e. the laser polarization
error bars in NMR results. The standard method has an aghtained is independent oB,, Whereas for thermally-
cepted uncertainty 0f20%, which is not included in Table polarized samples it is proportional By. (i) The magnetic
I. We therefore cqnclude that the resul_ts obtained using thge|d gradients induced in porous media by magnetic suscep-
NMR method are in good agreement with standard methods;pility variations are greatly reduced for sm&. We have
previously demonstrated that NMR images of laser-polarized
noble gas can be acquired at applied field strengths as low as
V. DISCUSSION AND CONCLUSIONS 20G vyith resolution and signal—to—npisg—ratio comparable to
NMR images obtained at magnetic field strengthd T
The laser-polarized noble gas NMR measurement of perf22,23. Low-field NMR of flowing laser-polarized noble gas
meability agrees well with measurements made using thenay allow effective porosity and permeability measurements
standard gas permeameter technique, for the representativea wide array of porous samples using a simple, low-cost
high and low permeability rocks studied so far. For valueselectromagnet. In addition to reservoir rocks, this technique
above 500 mD and below 5 mD, the NMR method yieldsmay be applicable to ceramics, fluidized beds, filters and
permeability results that are well within the uncertainty partially liquid-saturated porous media4,25.
range of the values measured using the gas permeameter, andin conclusion, we have demonstrated the simultaneous
shows that large variations in the parameters used to detemeasurement of permeability and effective porosity of high
mine k (e.g., output pressurB,), do not detract from the and low permeability oil-reservoir rock cores using NMR
measurement. In addition, the effective porosity simultaimaging of the penetrating flow of laser-polarized xenon gas.
neously measured by the NMR technique shows that as pef-he method is accurate, with permeability results that cover
meability decreases, the effective porosity measured is a de-range of more than two orders of magnitude and agree well
creasing fraction of the absolute porosity determined by thevith the results from standard techniques. The method is also
standard gas pycnometer technique. Effective porasiy,  fast and reproducible: the procedure typically requires about
the volume fraction of pore spaces that contribute to fluidl5 min, which is considerably less time-consuming than
flow through the materialis always smaller than the abso- other NMR-based methodgl8] and some standard tech-
lute porosity of a sample, and is a parameter that is nobiques [6,7]. The effective porosity measurements are
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