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The development of multichannel instrumentation was a significant step forward for surface nuclear magnetic
resonance (NMR). Multichannel instruments allow data to be recorded on multiple receivers simultaneously,
thus facilitating the exploitation of Wiener filtering techniques that provide significant signal-to-noise increases
and allow two- and three-dimensional images of the subsurface properties to be produced. When working in
challenging environments (e.g. forested/brushy terrain), difficult noise conditions, or when using complicated
survey designs it can become quite cumbersome to deploymultiple coils, which often require substantial lengths
of cable to be deployed. As such, it would be advantageous if the dimensions of typical receive coils could be
greatly reduced from the current standards (~25–100 m). The use of small receive coils would lead to more
rapid survey deployment and may advance the utility of methods requiring multiple receivers. The objectives
of this work are two-fold. The first aims to quantify limits on the feasible dimensions of small receive coils in sur-
face NMR, aiming to provide an estimate of theminimum effective area of a functional surface NMR receiver. The
second aims to demonstrate that the use of multiple additional small receive coils (when used in conjunction
with the standard large coincident transmit/receive coil) can help to improve the resolution of estimated
water content and relaxation time depth profiles. Synthetic results are presented to quantify lower effective
area limits and to demonstrate potential resolution improvements provided by small receivers. The feasibility
of a small receiver (400 m2 and 200m2) is demonstrated in a field setting.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

The surface nuclearmagnetic resonance (NMR)method involves the
use of surface coils to investigate aquifer properties at depth. Tradition-
ally, a single coil serves as both the transmit and receive coil (Legchenko
and Valla, 2002). In the single coil configuration, referred to as a coinci-
dent loop set up, the surface NMR measurement is generally used to
produce depth profiles of the water content and relaxation times. The
shape of the single coil is often a square loop, circular loop, or a figure-
eight loop (Trushkin et al., 1994) with dimensions (side length/diame-
ter) of ~25 m to 100 m. Larger loop sizes help to increase depth penetra-
tion and improve resolution at the greatest depths (Müller-Petke and
Yaramanci, 2008).

Following the development of multi-channel surface NMR instru-
ments (Radic, 2006; Walsh, 2008), which facilitate the ability to mea-
sure signals on independent coils simultaneously, it has become
common to deploy multiple coils during a surface NMR measurement.
The decision to use multiple coils is often based upon two factors. The
first is a desire to exploit Wiener filtering advancements (Walsh,
2008; Dalgaard et al., 2012; Müller-Petke and Costabel, 2014) that
mbacher).
have helped to greatly improve the signal-to-noise ratio (SNR) of sur-
face NMR measurements. Wiener filtering requires the deployment of
a secondary coil called a reference coil, that functions to collect noise-
only data, which is accomplished by placing the coil a large distance
away from the transmit coil. If the characteristics of the noise measured
in the reference loop are correlated with that in the main receive loop
Wiener filtering can be used to improve SNR. A second reason to deploy
multiple coils is to produce two- or three-dimensional images of sub-
surface water content and relaxation times (Hertrich et al., 2005;
Hertrich et al., 2007; Legchenko et al., 2011). For two- or three-
dimensional measurements one coil functions as the transmitter,
while all coils function as receivers. In subsequent measurements each
coil is used as the transmitter and the coils may be moved in a “roll-
along” fashion to cover large transects or areas (Hertrich et al., 2009).
Jiang et al. (2015) demonstrated an alternative approach to produce
two-dimensional images that does not require a “roll-along” approach
instead proposing the use of a single elongated transmit coil with sev-
eral smaller receive coils placed within thus allowing the full transect
to be measured following each transmit pulse. This approach has the
potential to greatly improve measurement speeds of two- and three-
dimensional surface NMR surveys. Behroozmand et al. (2016) also pro-
pose to use a separate receive coil in the context of a one-dimensional
depth profile, where a central-loop configuration involving a smaller
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Fig. 1. Signal chain for the surface NMR receiver employed in this study.
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receive loop placed in the center of a larger transmit loop is shown to
enhance SNR and improve resolution. In each of these cases, the typical
coil dimensions are ~25–100m (side length/diameter). The potential of
a multi-axis surface NMR receiver, which by necessity must be small,
has also been recently explored (Kass et al., 2017).

In practice, deployment of many coils can quickly become quite
cumbersome and may require that vast lengths of cable are laid out,
which can become challenging in difficult environments such as forests
or brushy terrain. To improve the utility of techniques requiring multi-
ple coils, there is a growing desire to employ coils much smaller than
those traditionally employed in surface NMR. Small coils would be
greatly advantageous for mobile/rapid collection surface NMR systems
(Grunewald and Walsh, 2016). Davis et al. (2014) employed a SQUID
magnetometer as a surface NMR receiver, demonstrating the potential
for a dipole-like receiver in surface NMR. Small receive coils (~1–6 m
in dimension) have also been investigated for applications in under-
ground magnetic resonance sounding (MRS) for water quantification
in tunnels (Greben et al., 2011; Lin et al., 2017) due to geometry con-
straints imposed by the tunnel dimensions.

The objectives of this study are two-fold: 1) we aim to quantify po-
tential limits on the feasible dimensions of small surface NMR receive
coils (where we consider the case of a traditional air-core induction
coil) and 2) we aim to demonstrate potential resolution benefits for a
survey design employing several small receive coils in addition to the
standard large coincident receiver. The use of complementary small re-
ceive coils (that measure the NMR signal) is motivated by a desire to
adapt approaches employed in magnetic resonance imaging (MRI) to
the surface NMR setting, where the use of small secondary receive
coils have been demonstrated in MRI to improve measurement speed
(Carlson and Minemura, 1993; Pruessmann et al., 1999) and resolution
(Pruessmann et al., 2001;Weiger et al., 2002). We focus on the scenario
where small receive coils are used in conjunction with a larger transmit
coil. Recommendations for the design of untuned small coils for use in
both reference noise cancellation approaches and to receive surface
NMR signals are given. Numerical simulations are presented to demon-
strate favorable survey designs capable of improving theperformance of
small surface NMR receivers. The use of small receive coils that measure
the surface NMR signal embedded within a larger transmitter (in addi-
tion to the large coincident receiver) is also shown to improve the reso-
lution of surface NMR depth profiles. Field results are also presented to
validate the feasibility of small surface NMR receive coils.

2. Background

The primary requirement of a functional surfaceNMR receiver is that
it provide anadequate SNR. This demands that the receive coil is capable
of measuring a satisfactory amplitude NMR signal while mitigating
noise to an acceptable level. Consider first several factors affecting the
measured noise levels. For the purposes of this discussion we group
noise sources into two categories: 1) noise that originates from the re-
ceive electronics/cable (internal noise nint), and 2) noise that originates
from external sources (i.e. noise that either inductively or capacitively
couples to the receive coil). Category 1 is dominated by Johnson (ther-
mal) noise that originates from the coil resistance and the input noise
of the preamplifier. Johnson noise is described by

nj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kbT

ρL
A

r
: ð1Þ

nj is given in units of V/Hz1/2. T is the temperature of the wire, ρ is the
wire resistivity, L is the wire length, and A is the cross-sectional area of
the wire. If we consider representative values of T= 293 K, ρ=1.72e
−8 Ωm (resistivity of copper), and A = 8.24e−7 m2 (cross-sectional
area of a 18 gauge wire with a 1.024 mm diameter), then nj~ = (L)1/2

· 18 pV/Hz1/2. L is the total length of wire in the receive coil. Note that
Eq. (1) corresponds to the case of an untuned coil, where the coil gain
factor is 1 over the frequency range of interest. We consider only the
untuned receive coil scenario. The input noise of the preamplifier is
the most critical factor determining the noise level of the receive elec-
tronics (not including Johnson noise). Fig. 1 illustrates a schematic
showing the signal chain of the surface NMR receiver.

Signals measured by the receive coil are initially amplified using a
pre-amplifier (with a gain of 21 for the receiver used in this study) be-
fore being further amplified (by additional amplifiers), filtered (e.g.
using a band-pass (BP) filter), and recorded by the analog to digital con-
verter (ADC). Because the preamplifier has a gain of 21, its internal noise
level is amplified to a much higher level than the noise created by com-
ponents further down the signal chain. Therefore, it is the input noise of
the preamplifier that is most critical. The input noise of the receiver is
determined by shorting the input of the preamplifier and measuring
the voltage recorded by the receiver (i.e. the signal digitized by the
ADC in Fig. 1). The corresponding noise level contains contributions
from all components in the signal chain in Fig. 1 except the coil. This ef-
fectively represents the lowest possible effective noise level and is set by
the components/design of the receiver board (but is effectively domi-
nated by the preamplifer). For the receive system used in this manu-
script, the Apsu receiver developed at Aarhus University (Liu et al.,
2017), the input noise (nin) of the preamplifier is 1.78 nV/Hz1/2 (based
upon a single one second recording). Note that the Apsu receiver is a dif-
ferential receive system, which leads to a slightly higher input noise
level because two signals that are amplified by two separate preampli-
fiers are combined. For an unbalanced receiver where only a single pre-
amplifier is employed the input noise could be reduced to ~1.2 nV/Hz1/2

(if we consider a single preamplifier for the Apsu receiver) at the ex-
pense of increased commonmode noise. Comparing nj and nin indicates
that wire lengths of several kilometers are required for these two noise
sources to produce similar levels of noise (for the considered 1.024mm
diameter wire). Note that preamplifier improvements (or alternative
preamplifier designs) thatmay reduce the input noise could lead to sce-
narios where nj is no longer much less than nin. Larger diameter wire
could be used to further reduce the magnitude of Johnson noise. In the
following we consider the internal noise level to be effectively deter-
mined by the input noise as the coils we intend to employ do not exceed
lengths of several kms. Therefore, the input noise and filter bandwidths
set a threshold, where a functioning receiver must be able to measure a
signal that exceeds this threshold. If the Johnson noise is not negligible
compared to the input noise the threshold should take both noise
sources into account. To convert the internal noise into an estimated
root mean square (RMS) noise amplitude in the time domain (nRMS, in

(t)) nin is multiplied by the square root of the filter bandwidths (BW),
typically the bandwidth of the digital bandpass filters used during
data processing,

nRMS;in tð Þ ¼ nin

ffiffiffiffiffiffiffiffi
BW

p
: ð2Þ

At this point it is convenient to consider two scenarios based upon
the desired function of the receiver; that is, we will consider the case
where a receiver functions as a reference loop (that measures noise
only) separately from the case where a receiver intends to measure
the NMR signal. The reason for considering these two scenarios sepa-
rately is that the NMR signal detection case involves additional factors.
Considerfirst the scenariowhere the receiver is to beused as a reference
loop. In this case, the “signal” we aim to measure is the noise that
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originates from external sources (referred to as next). External noise
sources include powerline harmonics (Legchenko and Valla, 2003;
Larsen et al., 2014), sferics, electric fence spikes (Plata and Rubio,
2002; Legchenko, 2007; Jiang et al., 2011; Dalgaard et al., 2014;
Costabel and Müller-Petke, 2014; Larsen, 2016), and other anthropo-
genic/ambient noise sources. As a result, a functional receiver deployed
as a reference loop must be capable of ensuring that next exceeds nin. A
simplified description of next is given by

next ¼ next=m2Aeff : ð3Þ

next/m2 (units of V/Hz1/2/m2) represents an approximation of the
square root of the power spectral density (PSD) of the external noise
across the bandwidth of interest that would be measured by a coil
with an effective area of 1 m2

. In practice this value is measured by re-
cording a noise-only time series and calculating the resulting PSD. In
surface NMR the frequency band of interest ranges from ~1–3 kHz (de-
pending on the local magnitude of Earth's field). Aeff is the effective area
of the receive coil and scales next/m2. To determine theminimum accept-
able coil area next/m2 must be measured and an appropriate Aeff deter-
mined to ensure that next exceeds nin. If this condition is not satisfied
the utility of the receiver to function as a reference coil will be reduced
because much of the measured noise will not originate from external
noise sources that also impact the main signal loop thus reducing the
correlation of the noise measured in the signal and reference loops.
We do not consider in the following the influence of the coil size on
next; that is, we assume that coils of different sizes/number of turns
but with equivalent Aeff will measure the same next. Nyboe and
Sørensen (2012) observed next to range from ~0.02–1 nV/Hz1/2/m2 in
the 1–3 kHz frequency band at several sites around Denmark. Noise
measurements conducted at four additional sites in the vicinity of
Aarhus, Denmark demonstrated similar noise levels of ~0.01 nV/Hz1/2/m2

in the 1–3 kHz frequency. The challenge is that external noise levels
can be extremely variable both temporally and spatially and values
smaller and larger than these observations are possible. Comparing
the observed next/m2 with nin suggests that an Aeff of ~200 m2 is likely
to ensure that next is greater than nin (e.g. 200 m2 × 0.01 nV/Hz1/2/m2

N 1.78 nV/Hz1/2). Note that the 200 m2 reference coil should perform
as desired at higher noise levels but will drop below the input noise
level if lower external noise levels are present. Given the innate unpre-
dictability of next/m2 we recommend that this threshold is exceeded in
practice in order to extend the range of measureable next/m2 to even
lower levels.

For scenarios where the receiver will be used to detect the NMR sig-
nal the receiver must be capable of ensuring a minimum detection
threshold is achieved, which requires that the receiver is capable of
measuring a signal Snet that at least exceeds the threshold set by the in-
ternal noise. A simplified version of the signal Snet is given by

Snet ¼ SNMR=m2 þ next=m2

ffiffiffiffiffiffiffiffi
BW

p� �
Aeff ; ð4Þ

where SNMR/m2 is the amplitude of the NMR signal measured per square
meter of receiver area. Two factorsmust be considered to determine the
minimum acceptable coil area for a receiver that intends to detect an
NMR signal. The first is that the next component of Snet must exceed
nin, otherwise the effectiveness Wiener filtering will be reduced. The
second and most important factor, is that the receiver must be able to
receive anNMR signal. This requires that the SNMR component of Snet ex-
ceeds the noise level. In practice the NMR signal amplitude (SNMR/m2) is
affected bymany factors, such as the transmit coil geometry, receive coil
geometry, amplitude of the current pulse, and properties of the subsur-
face. A detailed derivation of the surface NMR forward problem
highlighting all factors influencing the surface NMR signal is given in
Weichman et al. (2000). In the following section we investigate factors
such as receive coil size, receive coil location within the transmit loop,
and current amplitude. We consider two excitation schemes (an on-
resonance excitation pulse and an adiabatic half passage pulse). This
sensitivity analysis will be used to quantify a representative value of
SNMR/m2 in order to estimate the lower threshold of acceptable Aeff.

3. Results

3.1. Limits on small receive coil dimensions

To quantify the lower limit of acceptable Aeff for a receiver intended
to measure an NMR signal, SNMR/m2 must be quantified. To estimate
SNMR/m2 the kernel matrix K associated with various receive configura-
tions is calculated using AarhusInv (Auken et al., 2014) with the imple-
mentation described in Behroozmand et al. (2012). From the kernel
matrix sounding curves are formed (by integrating the kernel over all
depths). Sounding curves provide a simple approach to quantify the ex-
pected initial amplitude of the surface NMR signal following each
pulsed current amplitude and represent a convenient metric to deter-
mine the expected signal amplitude from a particular survey design.
Note that all sounding curves shown in the following are normalized
by the coil area. We consider the scenario where small receiver coils
are used in conjunctionwith a larger transmit coil, similar to the scenar-
ios proposed by Jiang et al. (2015) and Behroozmand et al. (2016). The
transmit coil in each case is a 100 m by 100 m square coil, the inclina-
tion is 70°, the Larmor frequency is 2049 Hz, and 16 current amplitudes
spanning from 1.85 to 213.25 A are used. The subsurface is a 1000Ωm,
100% water content half-space. For each receive configuration, sound-
ing curves are produced for an excitation scheme employing a 40 ms
on-resonance pulse and again for an adiabatic half passage pulse (de-
scribed by the numerically optimized modulation (NOM) approach
discussed in Grombacher (2018), where the NOM pulse recommended
in that paper is used). This provides the opportunity to examine if a par-
ticular excitation scheme exhibits advantages for the small receiver
scenario.

Given a fixed transmit geometry, the survey design is determined by
several parameters describing the geometry of receive coil. In the fol-
lowing we investigate the impact of the receiver size and receiver posi-
tion. Consider first the impact of receiver size on SNMR/m2. Fig. 2
illustrates the sounding curves produced by surveys employing receive
coils of varying sizes (each color corresponds to a particular receiver
size). Fig. 2C illustrates the receiver size; receivers side lengths of [100
75 50 25 15 10 5 1] m are investigated (profile colors correspond to
the receiver size). Each receiver is centered at the center of the transmit
coil. The transmit loop is the size of the red square (100 m by 100 m).
Fig. 2A illustrates the absolute value of the sounding curves produced
by a 40 ms on-resonance pulse. Fig. 2B illustrates the absolute value of
the sounding curves produced by an example adiabatic pulse. Each
sounding curve is normalized by the receive coil area. For the on-
resonance case, the smaller receive coils produce larger signal ampli-
tudes for intermediate currents ranging from ~10–15 A to ~100 A,
while the largest receive loop (red) produces a larger signal amplitude
at currents less than ~10–15 A and greater than ~100 A. The larger am-
plitude sounding curves for the smaller receive loops at intermediate
currents is consistent with the observations of Behroozmand et al.
(2016), where a 100 m receive loop was compared against a 25 m re-
ceiver (that shares the same center point). Small and large coils mea-
sure different signals per square meter of area because their receive
sensitivities differ spatially. For certain current strengths, the small coil's
receive sensitivity is stronger at the signal origin (leading to larger sig-
nal amplitudes) while in other cases the large coil's sensitivity is stron-
ger at the signal origin. For the adiabatic pulse (Fig. 2B) the smallest
receive coils produce larger signal amplitudes at the largest currents,
while the largest receiver produces the largest signals at small currents.
Overall, Fig. 2A and B indicate that small receivers may provide a more
efficient use of coil area over certain current ranges. More efficient in
this context means that they are able to produce a larger signal
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amplitude given the same Aeff. At small currents, the large receiver ap-
pears to be a more efficient use of coil area. Taken together, the ability
of small or large receivers to provide more efficient use of coil area
over different current ranges suggests that it may be beneficial to em-
ploy both large and small receive coils. Fig. 2 also indicates that the
sounding curves show little variation for receive coils below ~10–15 m
in side length. Below a certain size the receivers approach the behavior
expected for a dipole receiver (with the appropriate moment) resulting
in the light blue tomagenta sounding curves converging towards a sim-
ilar behavior. This suggests that equivalent performance can be ex-
pected from coils of different sizes but equal Aeff (due to different
numbers of turns) as long as the side length is below ~10–15 m.

To investigate whether alternative receive coil locations impact the
expected signal amplitudes, Fig. 3 illustrates the absolute value of the
sounding curves produced by a 1 m by 1m receive coils placed at vary-
ing locations within a 100m by 100m square transmitter. Fig. 3E and F
illustrate the location of the receive coil for each scenario and the corre-
sponding profile color (the left and right columns illustrate sounding
curves for the receiver locations shown in 3E and 3F, respectively).
The top and middle rows correspond to sounding curves produced by
the same on-resonance and adiabatic pulse used in Fig. 2, respectively.
In the left column the receive coil is located at x = [−30 −20 −10 0
10 20 30]mwith y= 0m in each case, where the center of the transmit
loop occurs at x = 0 m and y = 0 m. North points in the x-direction.
Fig. 3A and C indicate that moving the receive coil towards the northern
edge of the transmit coil increases the signal amplitude substantially for
both the on-resonance and adiabatic pulses. For the on-resonance pulse,
as the receiver approaches the southern edge of the transmit coil the
real sounding curves begin to show strongly oscillatory behavior (not
shown), which results in the sharper variations in the absolute
sounding curves at large currents (red curve). The source of the discrep-
ancy between southern/northern offsets arises from an asymmetry that
exists in the spatial distribution of the excited magnetization due to the
inclination of Earth's field. Given an inclination of 70° (as in this exam-
ple), the lobe of excited magnetization under the northern edge of the
loop penetrates both deeper and covers a larger area. As such, moving
a receiver closer to this larger excited magnetization lobe results in a
larger signal amplitude. In the right column the receive coil is located
at y = [−30 −20 −10 0 10 20 30] m with x = 0 m in each case. In
this case, the absolute sounding curves display less sensitivity to re-
ceiver location. For the on-resonance pulse a symmetry between posi-
tive and negative y-offsets is observed, while for the adiabatic case a
stronger variation with y-offset (east/west offset) is observed. The rea-
son for the breakdown in symmetry for the adiabatic case is due to the
combination of phases that arise directly from the excitation pulse and
those from the receiver location (geometric phase). The on-resonance
symmetry (for equal magnitude east/west offsets) is also broken if the
subsurface has strong conductivity (not shown). Overall, Fig. 3 demon-
strates that the position of the small receiver within the transmit loop
can have a strong influence on the measured signal and that a small re-
ceiver located in the northern half of the loop produces the largest signal.

In order to determine a threshold for the minimum Aeff we must se-
lect a representative SNMR/m2 value. From the sounding curves in Figs. 2
and 3 a signal amplitude of ~0.25 nV/m2 appears to be a representative
value describing the lower end of the expected signal amplitudes for a
range of receiver locations/current amplitudes. Although exact signal
amplitudes depend on both receiver location and current amplitude,
most amplitudes are observed to exceed this lower 0.25 nV/m2 value.
Only the smallest investigated currents dip below these signal ampli-
tudes. However, these signal amplitudes correspond to sounding curves
formed by integrating the kernel matrix K, and effectively represent the
signal amplitudes expected for a 100% water content subsurface. In
practice the sounding curves contain an additional weighting due to
the true subsurface water content distribution. To define a minimum
detection threshold we consider the signal amplitude that would be
measured in the presence of a 5% water content half-space. This sce-
nario represents a low water content/low signal amplitude environ-
ment. If a minimum Aeff is selected to ensure that a satisfactory signal
amplitude can be measured in this low water content limit, a receiver
with the same Aeff could also be expected to performwell inmore favor-
able circumstances. For the 5%water content half-spaces, the lower end
of expected SNMR/m2 for a small receiver is approximately ~0.0125 nV/m2

(formed bymultiplying the previous 0.25 nV/m2 by 0.05). In addition to
a lower SNMR/m2 estimate, a reference noise level is required in order to
determine a minimum Aeff threshold. In practice the total noise will be
the combination of next and nin where the total noise ntot is given by

ntot tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
next=m2Aeff

� �2
þ ninð Þ2

r ffiffiffiffiffiffiffiffi
BW

p
=

ffiffiffiffiffiffiffiffiffiffiffiffi
Nstack

p
: ð5Þ

Nstack corresponds to a minimum stack number. Determining ntot is
challenging due to the fact that next/m2 is not known a priori. Further-
more, next/m2 is extremely site dependent and temporally varying. To ad-
dress uncertainty in the magnitude of next/m2 Fig. 4A illustrates the SNR
(SNR= SNMR/m2Aeff/ntot) as a function of Aeff for a three magnitudes of
next/m2 given an SNMR/m2= 0.0125nV/m2, nin=1.78 nV/Hz1/2, Nstack=16
and BW=200Hz. Four values of next/m2 equal to [0.01 0.1 1 10] × 0.0125
nV/Hz1/2/m2 are investigated (light grey to black lines for increasing next/m2).
These next/m2 levels correspond to RMS noise levels of ~[4 44 442
4420] nV in a 100 m by 100 m square loop for BW = 200 Hz and
Nstack=16. Note that both smaller and larger values of next/m2 are possi-
ble, these particular values are chosen to demonstrate a possible range
of behaviors (from a very low to very high noise conditions). In practice,
the low noise limit may be achieved given effective power line har-
monic removal and Wiener filtering. In addition to the four next/m2

cases, we also illustrate the best-case scenario where next/m2 = 0
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(dashed-black line). Three regimes can be observed in Fig. 4A. In the
first regime (light grey line), where ntot is dominated by nin, the SNR
(Aeff) curves closely track the dashed-black line. This case represents
the optimal low external noise scenario where SNR can be improved
by increasing Aeff. The second regime occurs when ntot becomes domi-
nated by next, which manifests as the horizontal asymptotic behavior.
In this limit, SNR is effectively locked and further Aeff increases do not
produce any significant SNR improvements. The third scenario is the
mixed case where the SNR(Aeff) curves begin to deviate from the black
dashed line and approach the horizontal asymptotes, which occurs
when next/m2Aeff ≅ nin. In this mixed case, the SNR is less than the asymp-
totic value over a certainAeff interval. The challenge nowbecomesdefin-
ing an Aeff threshold that can balance performance in as many noise
conditions as possible. In the large next/m2 limit the SNR(Aeff) curves
quickly asymptote and little advantage is gained from further increasing
Aeff. In the small next/m2 limit, the SNR is very poor (i.e. ≪1) at the
smallest Aeff. To improve SNR in the small next/m2 limit Aeff can be in-
creased. Given the stated desire to work with small coils, increasing
Aeffwill likely involve increasing the number of turnswhich places prac-
tical limitations on the achievable Aeff, as increasing the number of turns
could increase the coil's self-capacitance and inductance to a point
where the coil's cutoff frequency approaches the frequency band of in-
terest. Therefore, it becomes practical to define a lower Aeff threshold
that can atleast satisfy a minimum detection threshold of SNR = 1 in
the low water content scenario.
We propose a pragmatic approach to define the lower Aeff threshold
where the threshold is determined in the low next/m2 limit. This approach
has the benefit that the threshold is based upon site independent values
such as the input noise and expected signal amplitudes for a low water
content halfspace. From Fig. 4A the detection threshold of SNR= 1 in
the low next/m2 limit is satisfied if Aeff is greater than ~500 m2. However,
in practice the net SNR will also be affected by next/m2; the difficulty is
that next/m2 is not known a priori and can exhibit strong temporal
and spatial variation. Fig. 4B illustrates the range of next/m2 where the
Aeff=500m2 satisfies the SNR~1 objective. Fig. 4B shows SNR as a func-
tion of next/m2 for a 500 m2 coil (black line), a 1000 m2 coil (dark grey
line), and a 10,000 m2 coil (light grey line) for the same signal and
input noise levels considered in Fig. 4A. The 10,000 m2 case is consid-
ered to represent the asymptotic SNR value for a large coil. The dashed
black line highlights the SNR= 1 criteria. The black line approximates
approaches the SNR= 1 line in the low next/m2 limit as expected, while
also converging towards the light grey line in the large next/m2 limit.
This indicates that if a coil has an area equal to or exceeding the 500
m2 threshold it can be expected to satisfy the minimum detection
threshold in the low external noise limit, while also producing themax-
imum achievable SNR in the high external noise limit (i.e. be in the hor-
izontal asymptotic region in Fig. 4A). The region where the black line
deviates from the dashed line but has yet to converge with the light
grey line corresponds to the mixed case in Fig. 4A and shows the
range of next/m2 where the Aeff = 500 m2 case fails to meet the desired



Fig. 4.A) SNR as a function of Aeff for four different external noise levels (light grey to black
solid lines for increasing external noise levels). The dashed black line corresponds to the
case where no external noise (only input noise) is present. The black curve in A) is close
to the x-axis. B) SNR as a function of external noise level for three different Aeff.
The dashed line corresponds to SNR = 1. The SNR in both cases is calculated given
SNMR/m2 = 0.0125nV/m2, nin= 1.78 nV/Hz1/2, Nstack = 16 and BW= 200 Hz.
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SNR target. In this intermediate range performance could still be im-
proved by increasing the coil area; for example, the 1000 m2 line pro-
duces SNR N 1 in the low next/m2 limit while also closely approximating
the asymptotic SNR value (light grey line) closely after crossing the
dashed line. This indicates that the 1000 m2 can either satisfy the mini-
mum SNR= 1 condition or approximate the asymptotic SNR value over
awide range of next/m2 values. If Aeff is increased further the intermediate
rangewhere SNR is b1 but has not yet satisfied the asymptotic valuewill
be even further reduced. Note that the noise levels in Fig. 4A and B are
based upon a 16 stackmeasurement; if more or less stacks are collected
the threshold should be scaled by the ratio of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nstack=16

p
.

In many cases the Aeff =500m2 threshold may be too conservative
(e.g. for large currents or higher water contents) but it represents a
compromise where we aim to provide guidelines for designing re-
ceivers that can perform well under a wide range of conditions. Note
that it is advisable to employ coilswithmuch larger Aeff than this thresh-
old if is it is possible to achieve larger Aeffwithout increasing the dimen-
sions of the coil dramatically. This could be achieved by adding
additional windings to a multi-turn receive coil.

3.2. Complementary small receivers

The primary advantage of small receivers is more rapid deployment
in thefield, potentially allowingmanymore receive coils to be exploited
in a single measurement. Jiang et al. (2015) demonstrated the great po-
tential of such an approach in the context of a 2D surfaceNMRmeasure-
ment.We now consider a similar survey design,with the exception that
multiple receive coils are to be used for the standard 1D depth profile
experiment. We consider two scenarios, the first employs a 100 m by
100 m square transmit coil and several small receive coils embedded
within the transmit coil. The second scenario considers the case where
the large transmit loop is also used to receive the NMR signal in addition
to several small receive coils. The first scenario is used to test the hy-
pothesis that the differing sensitivity profiles of receivers located at dif-
ferent locations in the transmit coil (which Fig. 3 clearly demonstrates
can lead to varying signal amplitudes) can be used to enhance the reso-
lution of surface NMR water content and relaxation time depth (1D)
profiles. The second scenario investigates a practical survey design,
where the large transmit loop is employed as a receiver in addition to
several small receivers. Given that much effort goes into the careful de-
ployment of the transmit loop, not employing it as a receiver represents
a missed opportunity.

To evaluatewhether theuse ofmultiple small receive coils at varying
locations can be used to improve spatial resolution we use the singular
value decomposition (SVD) approach discussed by Müller-Petke and
Yaramanci (2008). The SVD approach allows the resolution to be esti-
mated from the SVD of the kernel matrix K. To include noise consider-
ations into the resolution calculations the singular values of the kernel
matrix K must be considered, as they affect how many basis vectors
can be used during the calculation of the resolution matrix R (Müller-
Petke and Yaramanci, 2008). The advantage of the resolution matrix is
that it is not dependent on a particular subsurface model (beyond
influencing how many singular values are included) allowing it to pro-
vide general insight into the expected resolution offered by a particular
survey design. Todetermine the resolution as a function of depthweuse
the full-width at half maximum of each row in the resolution matrix to
determine a representative value for the resolution. To investigate the
potential of multiple receivers to improve resolution we examine the
SVD of a kernel matrix formed by concatenating the individual kernel
matrices for each receiver. That is, Ktot (the kernel matrix for the com-
bined receiver case) is equal to [K1;K2;…Kn], where Ki is the kernel cor-
responding to the ith receiver. Fig. 5E illustrates the location of three 1 m
by 1 m receivers located at different positions within the transmit loop;
the receivers are centered at [0 0], [30,0], and [−30,0] (where [x y] rep-
resents the center of the coil in meters) and have effective areas of 500
m2. Fig. 5A and C illustrate the singular values associated with the indi-
vidual kernels, and kernels formed by combining several of the re-
ceivers. The top and middle rows correspond to the same 40 ms on-
resonance and adiabatic pulse used to form Fig. 2. The singular values
associated with the individual kernels (blue, red, and green) decay at
similar rates, with the kernels located at [−30 0] and [30 0] decaying
slower than the kernel corresponding to the [0 0] receiver. For the com-
bined kernel cases (where magenta corresponds to the combination of
the [0 0] and [30 0] receivers, and black corresponds to the combination
of all three receivers) the singular values are observed to improve in
amplitude and decay at a slower rate. This suggests that given a partic-
ular noise level the calculation of the resolutionmatrixmay include sev-
eral additional singular values for the combined receiver kernels
compared to the individual kernels. Fig. 5B and D illustrate the expected
resolution as a function of depth for the same conditions investigated in
5A and 5C (i.e. colors correspond to the same scenario). The resolution
matrix was calculated using only singular values that exceed a certain
threshold, determined using a Picard plot given an external noise level
equivalent to 50 nV of noise in a 10,000 m2 coil, an internal noise level
of 6.3 nV (nin =1.78 nV/Hz1/2, Nstack =16 and BW=200 Hz) and sig-
nal amplitudes that would be produced by a 30% water content half-
space. The chosen noise levels and half-space conditions represent a
simple scenario to gain insight into potential resolution benefits; actual
resolution benefits will be dependent on local noise and signal ampli-
tudes. Fig. 5B and D indicate that the resolution provided by the com-
bined kernel cases (magenta and black) is improved over the full
depth range compared to each of the individual cases. The resolution
for the individual cases approach that provided by the combined kernels
over limited depth ranges (e.g. the [−30 0] and [30 0] provide similar
resolution at shallow depths, while the [0 0] case provides similar reso-
lution at greater depths) but the combined scenarios provide the best
resolution over the full depth range. The source of the improved resolu-
tion is the increased number of singular values included during the
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calculation of the resolution matrix (the stars in Fig. 5A and C
indicate the smallest singular value that exceeds the threshold set by
the noise floor in this example, where the magenta and black stars
are observed to occur for larger singular value indices than for the
individual cases).

Consider next a more practical scenario, where the large transmit
coil is also employed as a receiver. Fig. 6A and C illustrate the singular
values for several combined receiver scenarios, as well as the singular
values associated with the 100 m receive loop only case (red). The top
and bottom rows again correspond to the same 40 ms on-resonance
and adiabatic pulses considered in Fig. 2. The green, blue, and black
lines correspond to the cases where the 100 m receive loop is used in
combination with the [30 0] receiver, the [30 0] and [0 0] receivers,
and all three small receivers, respectively. This represents surveys
employing 2, 3, and 4 receivers. In this case, the addition of the small re-
ceivers slows the decay of the singular values. The largest singular
values are not significantly affected, but the decay for singular values
corresponding to indices larger than ~18 is significantly reduced. The
addition of more receivers slows the decay even further. This again sug-
gests that the use of complementary small receivers may admit the in-
clusion of additional singular values during the calculation of the
resolution matrix. Fig. 6B and D illustrate the expected resolution as a
function of depth for the same scenarios considered in Fig. 6A and C.
The same noise and half-space conditions as in Fig. 5 are used to deter-
mine the threshold below which the singular values are truncated. The
combined cases are observed to improve resolution compared to the
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single large receiver case (red). The resolution improvement is observed
to be stronger for the on-resonance pulse compared to the particular
adiabatic pulse investigated. In each case, the inclusion of addition re-
ceivers continues to improve resolution (e.g. the 4 receiver case pro-
vides better resolution compared to the 3 receiver case over the full
depth range). The source of the improved resolution is again the inclu-
sion of additional singular values, observed by noting the location of the
smallest singular value exceeding the threshold (denoted by stars in
Fig. 6A and C). In summary, Fig. 6 indicates that even in the 1D (depth
profile) scenario, the use of complementary small receive coils (in addi-
tion to a large receiver) can help to improve the resolution of the esti-
mated water content and relaxation time depth profiles. If the
complementary receiver coils are small, their associated benefits can
be exploited without significant increases in survey times.

3.3. Field measurements with small receive coils

To demonstrate the feasibility of a small surface NMR receiver (with
effective areas similar to the proposed threshold of ~500m2) field mea-
surements were conducted near Skanderborg, Denmark using two
small receive coils in conjunction with a 100m by 100m square trans-
mitter and a 40ms on-resonance pulse. The goal is to demonstrate that
subsurface model produced by each of the two small receivers are con-
sistent with each other and with a priori information about the site
100m 
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based on TEM measurements that indicate a thick resistive unit
(interpreted to be a thick sand layer) extending to depths of ~30m un-
derlain by amore conductive unit (interpreted to be a finer sand/clayey
sand layer). The NUMIS-poly system was employed as a transmitter
with 16 pulse moments ranging from 0.74 As to 8.3 As and 20 stacks.
The Apsu receive system was used to record the surface NMR signal.
The surface NMR signal was recorded by two receive coils, the first
was a 2.5 m by 2.5 m square with 32 turns and the second was a 5 m
by 5 m square with 16 turns that correspond to effective areas of 200
m2 and 400m2, respectively. These coil areas were chosen as they rep-
resented the most convenient approximations to the recommended
500 m2 target given the employed receive coils which are composed
of cables of length 40m with 4 twisted pairs. Both receivers were cen-
tered at [30 0] m. Fig. 7C and E illustrate the measured data cubes;
each data cube is observed to be very similar (as expected)with the sig-
nal amplitudes scaled by the respective differences in effective area (i.e.
the 400m2 coil's signal is twice as large as that measured by the 200 m2

coil, noted by the factor of two difference in the color bars). Fig. 7A and B
illustrate the water content and T2* profiles estimated in each case. The
inversion was performed using AarhusInv (Auken et al., 2014), and
amplitude-only data (the signal phase was not included). Data were
gated into fourteen logarithmically spaced gates, with the first gate cen-
tered at 25 ms and the final gate at 323 ms; the 200m2 and 400 m2 coil
data were treated with standard deviations of 5 nV and 10 nV,
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respectively, during the inversion. The conductivity structure at the site
was estimated by a ground-based TEM measurement and was fixed
during the inversion. Both sets of profiles produce similar results,
predicting the presence of a thick water bearing unit beginning at ~7
m depth with a peak water content of ~30% at 10–15 m depth. At
greater depths the water content trends to a lower values (over the
depth range from 15 to 30 m) and estimates a relatively constant
value of ~10%below30m. The correspondingdatamisfits are illustrated
in Fig. 7D and F (the illustratedmisfits are equal tomodelled dataminus
the observed data). Fig. 7G and H illustrate histograms of the misfits in
Fig. 7E and F and demonstrate that the data is fit within error (i.e. the
misfits in each case are similar magnitudes to the standard deviations
used to weight the data in the inversion). The histograms indicate that
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the misfit for the 200 and 400 m2 coils is quite similar, but where the
400 m2 histogram appears to be slighty wider than the 200 m2 case.
Note that the histograms display widths slightly larger than that ex-
pected from the internal noise levels, where an RMS internal noise
level of ~5.6 nV is expected given nin = 1.78 nv/Hz1/2, Nstack = 20 and
BW=200 Hz. Overall, Fig. 7 demonstrates the feasibility of a small sur-
face NMR receiver. Although Fig. 7 also demonstrates that receivers
smaller than the recommended Aeff 500m2 are possible, it is still recom-
mended to use larger Aeff if possible.

The similar widths of the misfit histograms in Fig. 7 suggest that the
noise in both data sets illustrated in Fig. 7 is strongly influencedby inter-
nal noise sources. The internal noise levels in both cases is the same (as
its controlled by electronics), while external noise should scale with the
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coil area. If external noise was dominant we would expect the 400 m2

histogram to be twice as wide as the 200 m2 histogram. Furthermore,
if external noise was the dominant noise mechanism we could expect
that during a noise-only time series the voltages in each coil should
track one another closely and simply be scaled by the ratio of effective
areas since the two coils are centered at the same location andmeasure
synchronized data. Fig. 8 shows a histogram of the coherence squared
magnitude between the two receive coils for a set of 300 ms long time
windows beginning 600 ms after the end of each pulse (raw data). In
total, the histogram is formed from 460 separate 300ms longwindows.
The magnitude squared coherence is binned into 100 bins each 0.01
wide. Frequencies with poor and strong coherence correspond to histo-
grams with black bins close to 0 and 1, respectively. For most of the fre-
quency band of interest the coherence is much less than 1. Only at a few
frequencies that correspond to power line harmonics (e.g. 1.1 and 1.3
kHz) is strong coherence observed. The overall lack of coherence sug-
gests that the primary noise source present in each receiver is internal
noise; if the dominant noise sourcewas external noisewewould obtain
a much stronger coherence between the two receivers. This suggests
that a further reduction in effective area will degrade the net SNR
even further given that the internal noise levels do not scale with coil
area.

4. Discussion

Adesire to use small receivers ismotivated by the need to reduce the
surface NMR measurement time and improve resolution. Based on the
input noise of the receivers employed in this study (1.78 nV/Hz1/2)
and a minimum stack number of 16 stacks a lower Aeff threshold of
~500 m2 is recommended for signal detection receive loops. Receive
coils intended to measure only noise (reference coils) may be smaller
at ~200 m2

. Note that if possible it is advisable to exceed these thresh-
olds in order to further reduce concerns related to nint and to expand
the range of external noise conditions where the receiver will still sat-
isfy the SNR = 1 threshold (e.g. Fig. 4B). Given that receivers below
~15 m in side length perform very similarly (i.e. produce similar sound-
ing curves in Fig. 2) two parameters can be manipulated to produce a
desired Aeff. The first is the coil side length and the second is the number
of turns. Increasing the coil side length provides an easy approach to in-
crease Aeff, but this strategy is somewhat counter to the stated goals of
workingwith small receivers. Ideally, the receiver's physical dimensions
can be reduced asmuch as possible. However, one limitation toworking
with very small coils with large numbers of turns is that the self-
capacitance and inductance of the receive coil may increase causing
the coil's cutoff frequency to approach the frequency band of interest
(1–3 kHz). In practice the lower limit on coil size will be set by the
Fig. 8. Histograms showing the coherence between the data measured (during a noise
only window from 600 to 900 ms following the excitation pulse) in the 2.5 m and 5 m
receivers that are located at the same center point for 460 different time intervals. Black
pixels correspond to bins containing 25 counts, while white pixels correspond to bins
containing 0 counts.
ability to attain the minimum effective area without dropping the coil's
cutoff frequency to values near the Larmor frequency (e.g. cutoff fre-
quencies should be greater than ~5–10 kHz). If the coil's cutoff fre-
quency approaches a few kHz the coil gain may no longer be equal to
1 in the frequency band of interest, which may result in an increased
contribution of Johnson noise. In this limit the criteria used to determine
the recommended thresholds should be adjusted to include Johnson
noise. To include Johnson noise Eq. (1) can be added in series with the
other noise terms under the square root in Eq. (5). Note that if Johnson
noise is to be included this requires the coil shape/size to be specified as
nj scales with the length of the wire while the signal and external noise
scale with the coil area. A tuned receiver also has the disadvantage that
induced currents due to the transmit pulse will decay more slowly
resulting in an increased dead time. It is also important to ensure that
the coil is damped correctly, otherwise the coil gain in the frequency
band of interest may not be equal to 1. The resonance frequency of the
small coils should be measured to ensure their resonance frequencies
are much greater than the Larmor frequency (the receive coils used in
the field study have resonance frequencies above ~40 kHz). Overall,
this work provides insight into the necessary constraints for the design
of small surface NMR receivers, which could present significant reduc-
tions in measurement times for multi-receive coil surface NMR experi-
ments. Construction of small rigid surface NMR receivers is the focus
of future work.

In the pursuit of small surface NMR receive coils the limiting noise
factor in the untuned receiver scenario is likely to be the preamplifier
input noise. This is due to the fact that as the coil's effective area de-
creases so does the measured signal, ultimately approaching the noise
level set by the preamplifier. The decision to recommend a minimum
Aeff area based upon a noise threshold set by the internal noise attempts
to provide a general recommendation based on predictable values such
as SNMR/m2 for a low water content half-space and known input noise
levels. Note that the recommendation of Aeff =500m2 does not satisfy
the SNR= 1 target for all next/m2; at low next/m2 Aeff =500m2 approaches
SNR = 1 and at high next/m2 it approximates the SNR expected for a
much larger coil. To expand the range of next/m2 where the coil satisfies
the SNR = 1 target a larger Aeff can be selected. As long as the coil's
Aeff is capable of satisfying the condition that Snet ≫ nin, increasing Aeff

by adding additional turns will not improve SNR in practice. SNMR/m2

and next/m2 are both proportional to Aeff and thus effectively lock the sin-
gle stack SNR. If next/m2 ismuch larger than SNMR/m2 there unfortunately is
notmuch that can be done, the noise conditions are poor and scaling Aeff
cannot address the low SNR problem.

To further reduce Aeff below the recommended threshold several op-
tions are possible. Alternative preamplifier design may help to reduce
the nin = 1.78 nV/Hz1/2, which would ultimately lower the noise
thresholds used to select Aeff. For example, an unbalanced coil that
uses a single preamplifiermay help lower the recommended Aeff thresh-
old at the expense of increased common mode noise. Secondly, the
threshold aims to ensure adequate signal amplitudes even at lowpulsed
current amplitudes that produce the smallest signals in Figs. 2 and 3. If
only larger currents (e.g. currents greater than ~5–10 A) are used the
threshold may be further reduced. However, choosing to not collect
low pulsed current data may reduce resolution at shallow depths.
Note that selecting a favorable receiver location (e.g. north half of the
transmit loop) and excitation scheme (e.g. adiabatic pulses that produce
larger signal amplitudes) may also help to reduce this threshold. The
recommended threshold aims to provide adequate signal amplitudes
even in low signal amplitude scenarios (e.g. low water content, small
currents). If possible, it is recommended that receiverswithmuch larger
Aeff than the proposed threshold of 500 m2 be employed. Note that if an
alternative system with a different input noise level is used, the
minimum Aeff calculation should be adjusted to reflect that system's
input noise.

Another advantage of small NMR receivers is that they can effec-
tively be modelled as dipoles; that is, the B1 field originating from the
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small receive coils iswell-described by a dipolewhosemoment is scaled
to produce an equivalent Aeff. It is also important to ensure that the grid
used in the forward modelling is refined around the location of the re-
ceive coil in order to limit numerical inaccuracies. For the AarhusInv
surface NMR forward modelling, the grid is Cartesian and is locally re-
fined in the close vicinity of all wires. The transmit and receive B1 fields
also share a grid. For alternativemodelling approaches, such as schemes
that employ a cylindrical coordinate system, it is important to locally
refine the grid around the receive coils. Note that accurately describing
the receiver location within the transmit loop is also extremely
important.

The use of multiple small receive coils is naturally suited to 2D/3D
surface NMR surveys (Jiang et al., 2015). However, even in surveys
intended to produce only 1D depth profiles, the use ofmultiple small re-
ceive coils is still beneficial due to potential resolution benefits. It is rec-
ommended that the large transmit coil also functions as a receiver, and
that smaller receive coils can be used as complements to help improve
resolution. Given that much effort goes into careful deployment of the
transmit coil, neglecting its use as a receive coil would be a wasted op-
portunity since it is also exhibits a differing spatial sensitivity compared
to smaller receive coils (noted by comparing the 100 m receiver with
the 1 m receiver in Fig. 2). Exploitation of additional small, easily de-
ployed receive coils offers great potential to improve the resolution of
surface NMR water content and T2* depth profiles.

Several other studies have also investigated the feasibility of small
receive coils for underground MRS applications. For example, Greben
et al. employed a 3 m by 3 m 128 turn coil but high noise conditions
in the mine made it difficult reliably detect an NMR signal. Lin et al.
(2017) demonstrated the feasibility of a small nitrogen-cooled 1 m by
1 m 80 turn receive coil that was used in conjunction with a single
turn 1 m by 1 m transmit coil. The receiver design considered by Lin
et al. (2017) differs from this study in that they employ a tuned receive
coil, which leads to increased concerns about Johnson noise. The condi-
tions considered in this study also differ from those in underground
MRS in thatwe consider the casewhere a large (100 mby100m) trans-
mitter is used in conjunction with a small receiver, whereas under-
ground MRS must also work with geometry constraints for the
transmit coil.

5. Conclusions

The use of multiple receive coils in surface NMR presents several
benefits, such as rapid collection of 2D/3D surface NMR data and im-
proved noise cancellation through the use of a reference loop. To help
facilitate more rapid field deployment and fully exploit these ap-
proaches small receive coils are desirable. An investigation into several
practical limitations on the minimum size of surface NMR receivers is
presented. The threshold for a minimum receiver size is proposed
based upon limits imposed by the receiver's input noise level (which
based on the surface NMR instrumentation used in this study is ~1.78
nV/Hz1/2) and a signal amplitude expected from a 5% water content
half-space. Given this scenario, the minimum recommended effective
area for a surface NMR receiver is approximately 500 m2. Smaller re-
ceive coils may be exploited provided advances in preamplifier design,
larger minimum stack numbers, and by selecting favorable receiver lo-
cation/excitation protocols (e.g. particular current amplitudes and
pulse types). To expand the range of noise conditions where the coil
can be expected to satisfy the minimum SNR= 1 criteria the coil area
can be increased to values larger than 500 m2. The use of several small
receive coils is also demonstrated to improve depth resolution for a
1D surface NMR survey. Placement of small receive coils in the northern
half of the transmit coil is recommended (for the northern hemisphere,
the southern half is recommended for the southern hemisphere) in
order to exploit an asymmetry present in the spatial distribution of
the excitedmagnetization due to the inclination of the Earth's magnetic
field. Note that if possible (i.e. without scaling the dimensions of the
receive coil dramatically) coils with effective areas exceeding the rec-
ommended threshold should be employed. Ultimately, small receive
coils present an opportunity to enhance the utility of surface NMR
measurements.
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