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Abstract. Nuclear Magnetic Resonance (NMR) can provide increasing influence of relaxation due to diffusion, the se-
key information such as porosity and permeability for hy- quence parameters need to be chosen carefully to avoid
drological characterization of geological material. In partic- misinterpretations.

ular the NMR transverse relaxation tinfe is used to esti-
mate permeability since it reflects a pore-size dependent re-

laxation process. The measurement sequence (CPMG) usu-

ally consists of several thousands of electromagnetic pulse$ Introduction

to densely record the relaxation process and to avoid relax- ) .
ation processes that are due to diffusion. These pulses arEhe method of nuclear magnetic resonance (NMR), discov-

equidistantly spaced by a time constant ered in the forties of the last centuloch et al, 1946 Pur-

In NMR borehole applications the use of CPMG se- cell et al, 1946, has found widespread use in scientific and
quences for measuring the transverse relaxation fipnis daily life. It was not later than the sixties that a first bore-
limited due to requirements on energy consumption. Forhole tool was developedfown and Gamsaril96( to take
measuringT, it is state-of-the-art to conduct at least two advantages of the unique properties of NMR in geophysics.
sequences with different echo spacings) for recording !t allows a direct detection and quantification of water since
fast and slow relaxing processes that correspond to differthe initial amplitude of an NMR signal corresponds to the
ent pore-sizes. We focus on conducting only a single CPMGRmount of protons exited. Furthermore, the measured relax-
sequence and reducing the amount of energy while obtainin@tion times (longitudinal relaxation tinig, transverse relax-
both slow and fast decaying components and minimizing theation time7?) depend on the pore geometry and can therefore
influence of relaxation due to diffusion. Therefore, we testedP€ used to estimate hydraulic permeabiliti8evers1969.
the usage of CPMG sequences with an increasinand a In laboratory-NMR, artificial magnetic fields and se-
decreasing number of pulses. guences to measur® were early available. These CPMG

A synthetic study as well as laboratory measurements orseduencesdarr and Purcelll954 Meiboom and Gil] 1958
samples of glass beads and granulate material of differentith several thousand pulses and a short equidistant pulse
grain size spectra were conducted to evaluate the effects of a#Pacing ) allow for densely recording the decaying signal,
increasinge. We show thafl distributions are broadened if €nsuring a sufficient acquisition time and minimize relax-
the number of pulses is decreasing and the mean grain size f&ion processes due to diffusion. Each of these pulses causes
increasing, which is mostly an effect of a significantly short- @ NMR echo to be the measured sigrfin 1950. Thus,
ened acquisition time. The shift @b distributions to small ‘€ is referred to as the echo spacing of a CPMG sequence.
decay times as a function af and the mean grain size dis- In borehole-NMR, there has been significant changes in
tribution is observed. the design of borehole tools in the ninetiddiller et al.,

We found that it is possible to conduct CPMG sequencest990 using artificial magnetic fields and measurifigus-

with an increasede. According to the acquisition time and iNg @ CPMG. This made NMR a frequently used tool in oil
and gas exploration. However, due to limitations on available
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198 M. Ronczka and M. Miller-Petke: Optimization of CPMG sequences to measure NMR

pulse power for conduction of several thousands of pulsesteducing the number of pulses and adjusting the echo spacing

until now it is common to obtairf, distribution based on (rg) between the pulses. We evaluated our optimized CPMG

conducting at least two different CPMG sequences in NMRsequence with different parameter sets and various ways

borehole measurements. While slow decaying componentsf increasingse in a synthetic study. The synthetic study

are acquired with a sequence consisting of 1000 pulses and based on simpld> relaxation processes. We are aware

a large echo spacingg], fast decaying components can be of complex spin dynamic that may occur due to changed

measured with only a few dozen echos and short echo spa@cho spacing within one sequence. But numerical modeling

ing (Kruspe et al. 2009. Recently and in addition to ob- based on the modified Bloch-Torrey equatidorfey, 1956

taining T, there is an increasing interest in measuring multi- would be beyond the scope of this paper. However, to prove

dimensional distributions involving diffusion and relaxation our findings we conducted laboratory experiments. In order

based on sequences, such as presentddiitimann and to have sufficient control on pore-size, laboratory measure-

Venkataramana(20032. ments were conducted on samples of glass beads and gran-
Beside applications in oil and gas exploration, NMR bore- ular material of different grain size spectra. This helps to

hole measurements are needed in near-surface groundwaever a broad range of material that may be observed in field

ter investigation. There are several reasons NMR loggingexperiments.

has just started for this purpose. Standard NMR logging of

groundwater monitoring wells is far too expensive with com-

mon oil and gas tools and service. Monitoring wells are of2 NMR — T relaxation

diameters as small as two inches, so a large diameter NMR

tool cannot be used. A first commercially available small di- 2.1 Free induction decay

ameter NMR tool was introduced by Vista-Clara in 2011. .
This tool is designed for slimhole boreholes and hydroge-/S & Property of matter, namely the spin, a hydrogen proton

ological investigations. An external surface station providesPSSES @ Microscopic magnetic moment. In a static magnetic
the necessary pulse power from the surface to the probe thde!d Bo, atorque is applied that leads to an orientation of the
is lowered into the well. This currently limits the tool to bore- Magnetic moments along the stream lines of that field. Ac-
hole depths of about 220 nVista Clara 2019). The Lar- cording to the field strength a8, the protons precess with
mor frequency for this tool can be switched between 245 andhe Larmor freque_rlcy)L = - Bo about the stream lines of
290 kHz. This ensures a sufficient penetration depth (190 mnff0: Wherey [HzT"] is the gyromagnetic ratio. If an elec-
from the tool center), even for drilling in unconsolidated ma- Fomagnetic pulsefy) with the frequencys, perpendicular

terial. Nevertheless, NMR measurements conducted with 4° 50 i applied, the protons can be flipped about an angle
low Larmor frequency provide a low signal-to-noise ratio, dependent on the pulse duration and amplitude. Immediately

which has to be compensated by a high number of stack<after termination of the excitation pulse, all affected protons

This leads to logging usually performed as point measurefeturn (relax) to the equilibrium state, i.e., the direction of

ments. In cases of shallow boreholes and unconsolidated maNe €xternal static magnetic fieldd). During relaxation the
terial that need sufficient penetration depth to obtain reliablePT0toNS precess about the stream linesgf I the stream
results, this is probably the best way to design an NMR bore-l'nes of BQ denote the z-direction, the. relaxation process is
hole tool; however, it is not applicable for deeper boreholesObser_Ved in the x-y plane. The decay in the x-y plane can be
and incompatible with standard logging equipment. described by Eq.1).

It is this huge energy needed for CPMG pulse sequences »
that limits the construction of a small diameter tool that is in- Myy (1) = Mo - e<Tz) 1)
terchangeable with logging equipment usually used in near-
surface logging business. Additionally, if a borehole tool Here, My is the initial amplitude7> the transverse relaxation
should operate in depths up to 1000 m, it is inevitable thattime andMyy the magnetisation in the x-y plane. For further
all electronics for generating a NMR pulse sequence have tanformation on basic NMR theory we refer @unn et al.
be implemented in the borehole tool. Therefore, research fof2002 or Coates et al(1999. Basic parameters of interest
developing an NMR borehole tool to characterize groundwa-are the initial amplitudé/y atz =0, due to its sensitivity to
ter layers is still needed. water content and the relaxation tinfe as an indicator of

At the current state, we do not focus on a developmentpore space properties. Hence, the transverse relaxation time
of sequences that allow for estimating multi-dimensional re-T> denotes how fast or slow the magnetisation decreases in
lationships of diffusion and relaxation. To our knowledge the x-y plane.
a single CPMG measurement will not be sufficient for this However, the relaxation process in the x-y plane might be
purpose. We focus on conducting a single CPMG sequencsignificantly influenced by inhomogeneities in the magnetic
that allows for obtaining slow and fast decaying compo- field, i.e., magnetic gradients. These inhomogeneities can be
nents, minimizing the influence of relaxation due to diffusion on macro scale like variations in the field strengthRpf
and reducing the amount of energy. This can be reached bgr small scaled due to particles with a significant magnetic
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netic field intensities lead to slightly different Larmor fre-
quencies and therefore to a loss of phase coherence in the x-
plane. The precession of protons in the x-y-plane under the
influence of magnetic gradients is illustrated schematically in
Fig. 1. At t =g all protons are coherent. The slightly different t=t, t=t,

t=t
Larmor frequencies lead to a dephasing of the protons, which ”"""‘Q‘\ / \\ // \\
results in a reduced transverse magnetization. This relaxatior 6 ) ) ‘
time observed is mostly referred toB$ (Dunn et al, 2002). - / \d/ \&/

This relaxation timef’; of water in porous media consists
of three parts: the bulk relaxatidf g, the surface relaxation Fig. 1. Loss of phase coherence of protons due to differences in the
T».s, and the relaxation due to any kind of dephastpg. All Larmor frequency in the presence of magnetic gradients.
parts are parallel processes and sum up;tothe relaxation

ti'\r;ehofkthe frde\e(inductionggcay (FID) as decribed in E). ( Equation B) also indicates that diffusion effects take more
(Mohnke and Yaramanc2008. effect if the echo spacing is too large. If the diffusion term
1 1 1 1 can be assumed to be negligible, ofiys and7> s affect the

T_z* = s + Trs + Tor 2) decay time in Eq.4).

susceptibility in the porous medium. Variations of the mag- f
B
0

The bulk relaxatior?> 5 denotes the relaxation time of free 23 EStimation of pore size by means ol

water, the surface relaxatidf s describes any influences of
the pore surface to the protons in the vicinity of the surface
and T» p includes all kinds of magnetic gradients (macro-
scopic, microscopic).

According to Eq. 4), the transverse relaxation tinfe mea-
'sured by a CPMG sequence consistgg and Tz,s. The

bulk relaxatior» g denotes the relaxation of free water. Here
the protons are only affected by other protons during relax-
ation. The surface relaxatiofy s includes all effects of the
grain surface that lead to a faster relaxation. These effects im-

By conducting a CPMG sequenc&dr and Purcell1954 ply magnetic properties and the structure of the inner surface
Meiboom and Gil) 1958, influences of magnetic gradients of the material. The surface relaxation, assuming a fast dif-
can be minimized. Due to the CPMG sequerisy can be fusion regime Brownstein and Tayr1979, can be expressed
simplified to a diffusion ternf» p. The relaxation due to dif- by EQ. ©):
fusion 72 p occurs if a proton moves through magnetic gra- ¢ S
dients either macroscopic or microscopic. While moving, the — = 0 —,
proton passes through regions with varying magnetic field 25 v
strengths, which results in changing Larmor frequencies. ACyyhereaso [m s—1] denotes the surface relaxivit§,[m?] the
cording to different pathways of single protons within a set of 5yrface area an#t [m?3] the volume of a pore. In a porous
protons and therefore differences in the Larmor frequenciesmedia, V and S refer to the volume and the surface area
the set of protons lose their phase coherence. This diffusiof the whole sample. In this case the surface relaxivity is a
effectis non-removable. The diffusion term can be expresseghean value of all water-filled pores. According to ES), (
via Eq. @) (e.9.,Kleinberg and Horsfield1990: the influence of surface relaxation increases for small pores
2 and/or large surface relaxivities. Due to these dependencies
i =D M (3) fine material with small pores will create a faster decaying
T2p 3 signal compared to coarse material. Thus, by knowing the
] ] L, o surface relaxivity f) of a sample it is possible to calculate a
with the gradientG [Gcm™] of the magnetic field,y  mean pore radius. If, for example, a spherical pore geometry
[HzT~] the gyromagnetic ratiop [m*s™] the diffusion s assumed, the surface to volume ratfp) quals®; or if

coefficient ande [s] the spacing between an echo and the N . 1
inducing pulse. Ag> p can be reduced th, p, Eq. @) trans- go?cl)lggncal geometry is assumeé, 4 (without top and

forms to Eq. 4), which now describes all effects that influ-
ences thd?» decay time.

2.2 T»-relaxation

®)

L L L 02 3 CPMG sequences

B (y G1g/2)

B Te Ts P 3 ) 31 Classic cPMG

According to Eq. 8), diffusion effects can be minimized by The CPMG sequence consists of an excitation pulse (P90),
choosing a smalle while conducting a CPMG sequence. which flips the orientation of the macroscopic magnetisation

www.geosci-instrum-method-data-syst.net/1/197/2012/ Geosci. Instrum. Method. Data Syst., 1, 18¥8-2012



200 M. Ronczka and M. Miller-Petke: Optimization of CPMG sequences to measure NMR

about 90 from the z-direction into the x-y plane and several @
refocusing pulses (P180), which flip the protons about’180 0_15 ] 1
in the x-y plane. After the excitation pulse (P90), the pro- 2 o W i ——
tons lose their phase coherence due to slightly different Lar- “_)-15 7
mor frequencies caused by magnetic gradients. After a time e p 61 P 1ot
spant, a refocusing pulse (P180) is applied, which flips the Q)
protons in a manner that those with a highgrlag behind 0_15
those with a lower one. Due to refocusing, an echo is build up3 o w
and reaches its maximum after=27. The maximum of the ~ ™°° ]
echo marks the point of maximal coherence of the protons. 21, 2, + 21, 21, + 21+ 21,

In generalr is constant over the whole CPMG sequence time [s]

and has to be very small to ensure that the diffusion termFig. 2. (a) Classical CPMG sequence with a P90 excitation pulse

is negligible, otherwise the protons are not refocused comMyny several P180 pulses for refocusing. After each P180 pulse an

pletely, which leads to a re'duceq amplitude of the echo. INgches appears. The envelope of all detected echos gives teeay
laboratory measurements, is typically set between 100—  curve.(b) First pulses and the resulting echos for a CPMG sequence
300 ps. In order to acquire the whole decay process a larg@ith variabler spacing.

number of echosiichg is needed. Commonly in laboratory

measurements several thousand echos are performed within

one CPMG sequence. The maximum of all echos detecte@®etween these, an amountiefcholinearly increased; expo-
gives the relaxation curve for estimating tiig relaxation ~ nentially equidistant and logarithmically equidistaris cal-

time. A classical CPMG sequence is shown in Ba. Note  culated. Starting with the lowest possibign (71 in Fig. 2b),

that, if for a smallr diffusion can be neglected, then one can the fast decaying components are sampled as accurately as
conduct a number of CPMG with differentto measure dif-  possible, while the components with a slow decay are already

fusion processes. appropriately sampled.
For the sake of clarity, the development of single CPMG
3.2 CPMG with variable T spacing sequence with a variable echo spacing does not allow for es-

timating diffusion or internal gradient at pore scale like ex-
For the purpose of using NMR as a borehole tool, a signifi-periments as described Hirlimann and Venkataramanan
cant reduction of energy is needed for conducting a CPMG(2009 or Song (2003. The intension of this optimized
due to logging requirements for transport and storage of enCPMG is to measuré; as appropriate as possible under the
ergy. This is equivalent to a reduction of pulses used (accordscope of reducing the number of pulses.
ingly necng for a sequence. As a result of simply reducing the
number of echos, the acquisition time is significantly short- .
ened. This leads to errors in the estimated relaxation time if1 Synthetic study

the. decgy process Is not record_e.d cqmpletely. For COMPEMNe conducted a synthetic study to test the evolution of errors
sation, 1.e., to gxtent the acqwsmoh time, the echq SPaciNGq the estimated transverse relaxation tifefrom CPMG

.tE:ZT can be_mcr_eased. As mentlo_ned before, this WOUIdsequences with different approaches of increasirgrst we

Increase the diffusion effects a_cco_rdmg to E8). from th?. generated synthetic data of a simple mono-exponential sig-
beginning of t-he sequence, which is not intended. Addition-p, get an overview of the different sequences. Secondly a
f"‘”y’ the density of G'ata points that forms thgdecay curve synthetic multi-exponential signal was generated to evaluate
is reduced. Thus, it can happen that too few data points N fast and slow decaying parts are distinguishable and can

the _begflnnlndg of t_he decay curve a|[|e not sufflcggltvlfgr d_er']be determined correctly. Therefore, we used a bi-exponential
tecting fast decaying components. However, a wit signal with the transverse relaxation timgs; and7» > and

an increased constantgauses insgffic;ient sampling of fast fitted the data via a decay time distribution. Finally, to exam-
decaying components in the beginning of the decay Curve,q inf ences of diffusion on the data due to an increased
Thus, it can be expected that a wrong decay time could bea diffusive part was added to the synthetic data.

estimated. Additionally, diffusion effects will increase too, We should note that forward modeling based on Bj. (

accoro_llng tq Eq.9). . ) ) is not the most rigorous approach to evaluate the influence
We investigated the effect of different variahlespacings of increasingz. Changing the symmetry, i.e., the constant

on the est?mated decay time..We designed (_:PM_G SequenCestho spacing, may cause complex spin dynamics that can be
ywth a variabler, as schematically dgp|cted in Figh. The studied based on the Bloch-Torrey equatidortey, 1956).
important parameters for constructing a CPMG Sequenceg, vever, this would be beyond the scope of this paper. We

with a vgr_iabler spacing_ are the number (_)f echotednd decided to support our finding of the synthetic study by con-
and a minimum and maximum For generating a sequence ducting laboratory-NMR experiments

with an increasing we fixed the values ofmin and tmax.
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Fig. 3. The evolution of error for different signal-to-noise ratio. Standard deviations between the true transverse defgyeiiami the
estimatedl’, depending on the number of echos for mono-exponential synthetic data is shown. All errors over 20 % are red coloured.

4.1 Mono-exponential signal Thus, increasing a constanto compensate for the reduction
of nechoiS NOt an appropriate approach.
o ) All three sequences with a variahlespacing, illustrated in
A mono-exponential signal can be generated using Ba. ( the |ast three rows of Fi@, exhibit more or less the same be-
The set of model parameters are the initial transverse magyqyiour for the range of errors. Comparing CPMG-sequences
netisationMp and the transverse decay tirfig Here,MoiS  \yith a variabler spacing with the one using a constant small

settol attrrsjtej the c_Jecay time for generating the synthetic data is (Fig. 3, first row), smaller errors occur for decreasingno
namedr, ™" and is varied between 1 ms and 1s. Standard dege 1o the elongated acquisition time. Compared to the se-

viations between the true tran.sverse decay ﬂfjﬁée (fixed quence with a constant large(Fig. 3, second row), all op-
model parameter) and the estimadof CPMG sequences  (imized sequences show smaller errors for fast decaying sig-

with a variabler spacing were calculated for three different 55 which is a result of a tighter sampling of the decay curve
noise levels and are plotted in Fig.each as a functionofthe - 4t early times. As the noise level increases, the errors over

true decay timeZ;™®) andnecho All deviations above 20%  5g expand to sequences with largegn, and smaller de-
are red coloured. cay times t0o.

The results for sequences conducted with a small and large
constantr are displayed in the first two rows of Fig. As 4.2 Bi-exponential signal
expected, the error of the estimated decay times increases if
necho decreases or the true decay time increases, i.e., slown the next step a bi-exponential signal was generated to ex-
decaying signals. This is a result of an insufficient acquisi-amine if both the fast and the slow decaying parts of the
tion time. If the noise increases, the range of high errors issignal can be estimated while reducing:no For generat-
extended to highetigcho and smaIIeI‘Tztrue (see first row in  ing the synthetic data, Eql)was extended to a sum of two
Fig. 3). Additional errors for small decay times occur if the exponentials with the transverse decay tirifes and 7> 5.
echo spacingq) is increased (second row of F8), whichis  The decay times were chosen in a manner that they are far
probably caused by a bad sampling of fast decaying signalsapart from each other. Therefore, the synthetic decay curve

www.geosci-instrum-method-data-syst.net/1/197/2012/ Geosci. Instrum. Method. Data Syst., 1, 18¥8-2012



202

amplitude [a.u.]
o o
o o
N w

M. Ronczka and M. Miller-Petke

n =1000

echo

—_T =0.1ms
const

—_T 1ms

const |
T

lin
T

exp

—T

log

o

a)

0.051

200

nechu =

c)

0.06

n
echo

: Optimization of CPMG sequences to measure NMR

=500

0.05-

0.04r

0.03r

0.02r

0.01r

b)

0.06

10

necho

10 10

=100

0.051

0.04r

0.03r

0.02¢

d)

amplitude [a.u.]
o
o
w

0.01-

107 107 10" 10° 10" 107 107 10" 10 10

decay time [s] decay time [s]
Fig. 4. T» distributions of bi-exponential signals with differemtcno beginning with 1000 echo&) to 100 echogd), all with 5% noise
added. Sequences with linearly increasing, exponentially equidistant and logarithmically equidigtacing withr max =2 ms are plotted.
Additionally two sequences with an constargpacing are shown.

is composed of the decay tim&@s1=0.01s andl>>=1s  an exponentially equidistantspacing shows a broadenggd
with 5% noise added. For all sequences with different vari-distribution for fast decaying components, which is a result
ablet spacing, the recordeticnowere reduced successively of a fast increasing that lead to an insufficient sampling of
from 1000 to 100 echos. the decay curve for early times.

The decay curves were fitted with a multi-exponential ap- In general, ifzechodecreases, the bi-exponential behaviour
proach using an inverse Laplace transformation. This calcuvanishes in conjunction with a broaden&g distribution
lates corresponding amplitudes to a predefined amount of dedue to the shortened acquisition time.nlfcno is reduced
cay times. For smoothness constraints a Tikhonov regularito 200 echos (see Figc), only sequences with a linearly
sation of first kind was used. The regularisation parameteincreased and exponentially-equidistanspacing exhibit a
was determined via the L-curve criterion that gives a solutionmaximum for slow decaying components. The fast decaying
closest to the corner of the L-curvAgter et al, 2005. The component is resolvable by all sequences.

T, distributions of the fitted signals are illustrated in FHg.
and consist of 100 logarithmically-equidistant-spaced decay#-3 Bi-exponential signal with diffusion
times within a range of» € [10~3, 101]. , o

In Fig. 4a the signal is sampled Withecho= 1000. In all According to_Eq. 4), thet spacing is the only sequence pa-

curves a bi-exponential behaviour is observable. Sequencd@meter thatinfluences the diffusion term of an NMR signal.

with a small constant (blue curve in Fig4) cannot resolve Thus, different kinds of increasinglead to different impacts

the slow decaying parts of the signal due to a short acqui—Of the diffusion on the measured signal. To examine this ef-

sition time (about 0.2s). As a result the distribution is  ect we added a diffusion component to the signal.

broadened and decay times above 3s are fitted, which ex- According toCoates et al(1999, the magnetic gradient
ceeds the maximal possible transverse decay tifap df is influenced by three factors. One depends on the tool de-

water. Thus, a logarithmic mean decay time of thisdis- sign (i.e., tool size, frequency and shape of the used magnet).

tribution will be overestimated. The second one handles conditions of the formation, such as
In contrast, fast decaying components of the signal cannthe temperature. T_he third fac'For ?s descr!bed by gradients in-

be resolved by a CPMG sequence with a large constant duced by the applied magnetic field, which are the result of

spacing (see the black curve in Fi¢g). This can also be differences in the magnetic susceptibility of grains and pore
seen irkleinberg(1994). fluid and are referred to as internal gradients. The magnetic

Both parts of the signal can be more or less resolved bydradient of an MRIL tool Coates et 4].1999 is denoted
all sequences with a variabtespacing. The sequence with With 17 Gcnt=, but Kenyon (1997 stated that a common
magnetic gradient from commercial NMR logging tools are
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Fig. 5. T» distribution of a bi-exponential signal with 1 =0.01s andl’» > =1s with a diffusion component added and 5% noise. CP-
MGs with linearly increasing, exponentially equidistant and logarithmically equidistapacing withrmax=2 ms are plotted for different
amounts of echos. Additionally, two sequences with an constapacing are plotted.

about 20 G cm. Thereby, we seG to 18 Gent! as are-  acquisition time, and thus leads to the most broadened dis-
alistic magnetic gradient of th8q field. Furthermore, the tribution within the CPMG sequences with a variahle
diffusion constant of watep =2.5x 10-9m?s 1 was used.  spacing.

The different impacts o& are included by the increased Considering the trade-off between effects due to short ac-

The T» distributions for the CPMG sequences with different quisition times (broadening) and diffusion (shift to smaller

variabler spacings and differemtzchoare plotted in Fig5. decay times), the CPMG sequence with a linearly increas-
Compared to the non-diffusive signal (Fig), all 7> dis- ing t (Fig. 5, green curve) is superior compared to se-

tributions in Fig.5 are shifted to smaller decay times, except quences with an exponentially and logarithmically equidis-
the sequence with constant 0.1 ms (blue curve in Fig). tant . Therefore, the CPMG sequence with a linearly in-
As mentioned before, there are only small influences of diffu-creased was used for laboratory measurements.

sion relaxation on th& relaxation time for sequences with

a shortt spacing. Nevertheless, the short acquisition time

leads to a broadened decay spectrum, which leads to an ovep- Laboratory measurements

estimated log mean decay time. This is more pronounced if b - in off il h
nechois reduced (see Figh—d). As it can be seen in Fidy, two main effects influence the es-

Thus, if a variabler spacing is appliedl> p increases for t[mateﬁ decaydtlme distributions g\nd thus ﬂ’igdegay time:
increasingrmax and/or a fast increasing In addition it can () @ Shortened acquisition time due to a reductiom&ho

be seen that slow decaying components are more influence@d (i) sn mcre_aseti diffusion r:erm ca#seg b%’ an |L1creased
by diffusion than the faster ones. This is already visible in "t€7-€Ch0 spacinge =2z. On the one hand, these have to

Eq. @). Relatively smallr spacings in the beginning of the ge rrr1]|n|mr|126dhfordthﬁ widest possible gr.a|nf5|ze s%ectr_um.
sequences lead to small influences of diffusion on the signaICn the other han k,1t € ertl)ergy c:_oqsug1_pﬂ0nd or conducting 3
but increases successively to largespacing in the end of PMG sequence has to be minimized in order to not excee

the sequence. the possibilities of the borehole tool.

The largest shifts to short decay times are observable at | "€ réquirement on estimating tiig decay time is a min-
CPMG; exp (see orange curve in Fig), which has the fastest imal or acceptable deviation to a reference sequence. Thus,

increasingr spacing. The sequence with a logarithmically ohptimal setti?gs fonecho and rmax have t,ohbﬁ found. F?r
equidistantr spacing (CPMGiog, red curve in Fig5) has IS purpose laboratory measurements with the Maran Ultra 8

the slowest increasing and therefore the smallest shift to (Résonance Instruments) were conducted. Unfortunately, our

short decay times. However, it also exhibits the shortest'Strument does not allow for constant gradients of the mag-
netic field to simulate gradients as expected from borehole
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Table 1. Grain size spectra of different samples for glass beadsTable 2.Sequence parameter for the tested CPMG sequences. Start-
and granular material used in laboratory measurements, with gung from a fixedryin =100 ps, the echo spacing was increased up

— coarse silt; mS, gS — medium, coarse sand. to Tmax, Which equals to the total acquisition timgt given in
column 3.
glass beads granular material
d[pm] d[pm Necho Tmax[Ms  rfot [S]
gu 40-70 - 4000 2.05
mS  250-500 250-500 500 1000 0.55
gS 1250-1650 1000-1600 400 0.25
4000 0.82
200 1000 0.22
tools. Thus, the influence of diffusion that is observed be- 400 01
longs to internal gradients at pore scale and inhomogeneities 4000 0.205
of the artificial magnetic field. 50 1000 0.055
400 0.025
5.1 Sample preparation and parameter sets of CPMG
sequences
0.4
Samples of glass beads and granular material with grain size igﬁ,gmg“o_onglg
spectra varying from coarse silt (QU) to coarse sand (gS) 0.38
were used. The grain size spectra of the used material are
given in Tablel. 0.36}
For each grain size distribution, three samples were pre-
pared. The material was filled in small cylindrical vessels -§o.34f
with a height ofh =2.6 cm and a diameter df=3.6 cm. The ;8;
sample material was trickled into the vessel, which was filled S 032
with distilled water. To assure comparability of porosity be-
tween the three samples of the same material, an ultrasonic 0.3
bath was used to raise the packing density to a maximum.
Afterwards the samples were filled up and sealed with a foil 0.28
to minimize evaporation effects during NMR measurements. o008
To avoid further heating during NMR measurements and thus 0.26-¢ 03 055 04
temperature effects on the initial amplitude and the decay gravimetric porosity [m*/m’]

time (GOdefrl;oy et aI,.IZOOZI), the S.arr:]ples \;Vere heat(fad up to Fig. 6. Cross-plot of porosities determined via NMR- and
25-30°C. The samples were weighed before and after I\IMRgravimetric-measurements. The NMR-porosity is in excellent

measurements to determine if evaporation occurred duringgreement with the gravimetric ones, which is validated by the cor-
the NMR measurements. Variations of the mass less than 1 %g|ation coefficient of = 0.982.
were observed.

If a sample is completely water saturated, the porosity can
be calculated using the initial amplitude. A comparison be-different grain sizes, i.e., signals with different decay times,
tween the NMR- and gravimetric-porosity is illustrated in could be obtained. A full list of the main sequence param-
Fig. 6, which is an easy way to determine if any faults were etersnecho and tmax together with the resulting acquisition
made during the preparation or measurement. time ot is given in Table2.

We performed 9 CPMG sequences per sample with dif-
ferent values oftmax and necho The logarithmic mean of 5.2 Results
the T» distribution was compared with the log mean de-
cay time (2,g) of the reference sequence, which consists 0f5.2.1 7> distribution of glass beads
5000 pulses and a constantf 300 ps. The pulse—echo spac-
ing increased in a linear manner, staring with,=100pus,  TheT> distribution of different glass beads are illustrated in
while Thax was set between 400 and 4000 ps. The minimalFig. 7. The mean grain size spectra increases from top to
echo spacingtnin) was the lowest possible value that could bottom, in which samples of coarse silt (40—70 um) are de-
be realized with the Maran Ultra 8. The number of echos waspicted in the first row (Fig7a—c), samples of medium sand
decreased, beginning witlcho= 500 down taiecho=50. By (250-500 pm) in the second row (Figd—f) and samples of
choosing these sequence parameters, an outline of the effecbarse sand (1250-1650 pum) in the third row. The echos de-
on the acquisition time together with diffusion effects for crease from left to right, starting withecho=500 down to
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Table 3. Logarithmic mean decay tim& g for all CPMG sequences conducted on glass beads. The second column dengtesthe
reference sequence conducted witlapo= 5000 and a constamt= 300 ps.

sample TzigImsl  tmax[Msl  necho 500 200 50
(reference) Tglms) (T2, g[ms))  (T2,g [ms])

silt 400 91.55 81.78 75.02

(40-70 pm) 73.25 1000 76.91 68.22 53.40
4000 59.38 46.7 30.85

medium-grained 400 592.58 761.54 1083.6

(250-500 pm) 487.68 1000 508.07 461.41 454.01
4000 457.52 424.97 378.58

coarse-grained 400 1721.7 1869.1 1824.6

(1250-1650 um)  1320.1 1000 1543.1 1728.4 2057.6
4000 1366.6 1589.1 1405.8

decreasing n

echo

50 _,._nech0=5000; Iconsl=0.3 ms 5 50 5
;: 40 nech0:500; Tmax:0'4 ms g 40
(] -
© 30 T 1ms 30
E ] T_=4ms : k
= 20 ’:{i‘ max E
g10 10*
Q. Q. ’ ;3
10 10" 10" 10° 100 107 107 0™ 10° 10" 10"
——n =5000; T =0.3 ms
© 50 echo const 50
N d) n__=200;t_ =0.4ms e) f)
o —40 echo max g 40
‘S ——T =1ms
5| <30 max / 30
ol & T =4ms
£l S2 max d 20
al £
o B1o y 10 . 10 ,f ]
2| E
- [0S s IR e WS s [ eeneoss 2i2ee - O\..auu-—u*’ ‘
10° 107 107 100 107 107 107" 10° 100 10° 107 10"
50 50 ——nN =5000; T =0.3 ms
9) h) echo const
— 40 i 40 . =50;1 _=0.4ms
=] echo max
.30 I }"\' 30 ‘ T __=1ms
[) F max
520 B R o \\ 20 o “ : Tm =4ms
g 10 ~ fx"' Foe ] 10 ~ - WSW 10T ﬁ
_3‘ _A;"ww V":': 0 1 0 -3 t;W' ~“:-"¢V 0 1 0 -3 — M
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Fig. 7. T» distribution of glass beads for CPMG sequences with a linearly increagédlumns indicate a decreasingcho (500-200-50,

also given in the legends). The grain size increases from top to bottom (first row — coarse silt; second row — fine sand; third row — coarse

sand).

necho=50. Within each subplot of Fig/, the blue coloured

attenuation due to diffusion and results in a larger shift to

T, distribution is associated with the reference sequence. Themaller decay times.
other curves denote CPMG sequences with a linearly increas- Fornecho=500 and increasing grain size (from top to bot-
ing T spacing and differentyay values. The corresponding tom), it shows that a shift to small decay times is observed
log mean decay times of the distribution are given in T&ble for all grain sizes. For the fine-grained sample (Fig) the

For necho=500 (Fig. 7a) the T» distribution for fine-  difference of the main peak to the reference signal is about
grained glass beads are displayed. Compared to the referen86.65 ms considering the sequence withax=4000ms,
sequence a shift of the main peaks to smaller decay times ighile the shift for the medium-grained sample (Fid)
observed, which is more distinctive for an increasipgy. is (with a difference of 164 ms) increased. In contrast, for
For a constantechothe T spacing increases faster for larger coarse sand samples the shift decreases with a lagggr
Tmax- 1hus, considering Eq3], a largerr leads to a higher which is due to the short acquisition time. For coarse-grained
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Fig. 8. T» distribution of granular material for pulse sequences with a linearly increasegis decreasing from left to right beginning
(necho=500-200). The grain size increases from top (medium sand) to bottom (coarse sand).

material, NMR signals decay more slowly due to a decreasdoroadening of th&> distribution due to an insufficient acqui-
of % of the surface relaxatiofp,s. Thus, maintaining the se- sition time.

quence parametetdcho Tmax), the acquisition time becomes

insufficiently short for slow decaying signals and smglx.

ing of the distribution.

For decreasingecho (from left to right) and fine-grained

If nechois reduced’ g decreases for silt and medium sand
samples withrmax=1000/4000 ps, which is also an effect of
Furthermore, the shorter acquisition time leads to a broadenacquisition time. In contrast, the sequence withx= 400 us
of medium sand and all sequences of coarse sand samples
show an increasingy, g if necho decreases. This is a result

material, the same effect of broadening is observed; how-of a flattenedr’» distribution with large decay times (beyond
ever, in addition to fully acquiring the signal, the sampling 3 s) fitted to explain the data.
of the decay curve is the key factor. If the decay is com- Sequences conducted for example witfno=500 and
pletely acquired by the CPMG sequence, as it is the case formax=400 us seems to overestimafgy compared to the
the fine-grained material and sequences withk=4000us, reference sequence (silt and medium-grained glass beads in
the reduction of data points due to decreasggoleadstoa  Table3), although the decay process is recorded completely.
broadening of thd» distributions. If the signal is not com- Compared to the reference sequence, fast decaying compo-
pletely acquired, as it is the case fofax=400 s, a further nents vanish in thg> distributions (see Fig7). A cut-off
broadening is observed. time for calculatingl’ iy could possibly solve this problem.

For decreasingechoand increasing the grain size, it shows
that the effect of acquiring the complete signal dominates theb.2.3 Comparison ofT» distributions between samples
data sampling effect. Theoretically a shortened acquisition of granular material and glass beads
time due to a reduction ofecho Can be compensated by a

largerTmax, however, this leads to higher diffusion. The T» distributions for samples of granular material are il-

lustrated in Fig8. Sequences withecho=50 are neglected
because thd distribution of glass beads (see Fitg, f

and i) showed that the acquisition time is too short for get-
ting appropriate results. Also, the results for fine gravel are
tions of glass beads are given in TalBleFor each sample neglected because these large grained materials are assumed
and amount of echosiécng, a systematic decrease Bi g to have already good hydraulic properties, whose estimation
for an increasingmax is observable. On the one hand, this was one of the major focuses.

can be explained by an attenuated diffusion for fast decay- In comparison to the glass beads, thedistribution of

ing signals, which are fully acquired. On the other hand, forgranular material exhibits a bi-exponential behaviour that is
slower decaying signals the decreas@nf results fromthe  more distinctive at coarse sand (FB¢ and d). Consistent

5.2.2 Log mean decay time of glass beads

The corresponding log mean decay times toZhelistribu-
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with the glass beads, the shift of tiigdistribution to shorter ~ Table 4. Logarithmic mean decay timé; g for all CPMG se-
decay times is observed. In contrast to the fine material ofjuences conducted on samples granular material. The second
glass beads (see Fign), the shift becomes more distinctive column denotes; jq of the reference sequence conducted with
for decreasingmay. It can be assumed that an insufficient ac- 7echo=5000 and a constamt= 300 ps.

quisition time caused this effect, since an increased diffusion

term leads to an increasing shift for larggfax. sample (%'grgmnz]e) tmax [HS) ’;?Chd[;(;(; . 2?21 9
The absolute shift also increases with grain size, which 219 219
could be an interaction of attenuated diffusion for increasing ™S 400 100.22 102.91
S o : ! (250-500 pm) 89.04 1000 93.9 88.46
grain size and a short acquisition time. According to Ba. 4000 84.75 77.95
and c, a flattening of th&, distribution for coarse-grained
terial is observed 400 32084 34351
ma _ . ) (1000-1600 pm) 264.15 1000 268.97 346.18
A reduction ofnechg Shortens the record time and thus 4000 262.47 264.3

leads to broadenel} distributions. Additionally, as a result,
the bi-exponential behaviour vanishes.

choice. Because coarse-grained material is of minor interest
due to the high hydraulic conductivity, slow decaying sig-
nals may be estimated with higher uncertainty. Although, by
adapting the sequence parameters it is possible to fit NMR
data of coarse material with an acceptable accuracy. There-
fore, an application of a CPMG sequence with a variable
echo spacing to obtain slow and fast decaying components
Hlstead of using two CPMG sequences seems to be feasible,
which results in faster measurements and thus an increased
vertical resolution. A field test within an calibration pit is re-
quired to show the applicability under borehole conditions.
Further investigation is needed to examine the behaviour on
Batural material. A closer look at the influence of different
magnetic gradients on CPMG sequences with an increasing
is of high interest.

5.2.4 Log mean decay time for samples of granular
material

In agreement with the results of glass beéllgg of gran-
ular material (see Tabld) decreases ifmax increases and

is explainable in the same way. Due to an insufficient ac-
quisition time, 72,4 increases for sequences wiihax=400
and 1000ps of coarse sand and CPMG sequence wit
Tmax=400 ps of medium sand.

Apparently,T; ;g of the medium-grained granular material
(first row in Table4) is quite similar to the log mean de-
cay time of fine-grained glass beads (Takl&rst row). This
similarity between these measurements could be explaine
by a difference in the surface relaxivity and/or internal mag-
netic field gradients. Moreover, even though the mean grainf
size is different, th&/V may not be that different since glass

beads have rather smooth surface and are spherical while the

granulate material has a rough surface and grains are mo'/écknowledgementsWe thank our project partners and colleagues
for the discussions during the data acquisition and processing and

ngular. o ) . . .
anguia for all contributions to improve this paper. The project was financed
by the BMBF (Federal Ministry of Education and Research).
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