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A B S T R A C T   

High fidelity observations of the amount and state of water within permafrost help constrain the seasonal 
behavior of soil moisture and the effects of soil moisture on the surface energy balance. This work emphasizes the 
necessity for temperature-specific calibrations of low-frequency borehole NMR measurements. Constraining the 
effects of temperature on NMR signatures will allow for more reliable NMR inspection of hydrogeochemical 
parameters in permafrost ecosystems. We find that calibration at typical laboratory temperatures (20 ◦C) and 
subsequent measurement at typical permafrost active layer temperatures (~0 ◦C) can result in an 18% bias in 
reported NMR water content values, and therefore temperature compensation is required under most scenarios. 
This is particularly important for active layer conditions that may include steep vertical temperature gradients. 
Similarly, seasonal time-lapse measurements of permafrost active layer may encounter substantial soil temper-
ature variations which would also require temperature compensation on the observed NMR water content 
estimate.   

1. Introduction 

Quantifying the response of permafrost thaw to warming atmo-
spheric temperatures requires accurate characterization of the active 
layer of permafrost—the near-surface zone that seasonally freezes and 
thaws (Romanovsky and Osterkamp, 2000; Van Everdingen, 1998). The 
amount of unfrozen water, θ (expressed herein as the fraction of the 
volume of water to the volume of the total sample volume, θ = Vw/VT), 
in cryotic soils depends on physical, chemical, and mineralogical soil 
characteristics including surface area, solute concentration, tempera-
ture, confining pressure, initial water content, and surface chemistry of 
the soil matrix (Anderson and Tice, 1973). Knowledge of the state of 
water within the active layer—be it bound by capillary or adsorptive 
forces to soil particles, mobile within soil pores, or frozen in ice-
—bolsters understanding of the functional relationship between the soil 
freezing characteristic curve and the soil moisture characteristic curve 
(Tian et al., 2018). 

Reliable and repeatable quantification of the amount of liquid water 
within and below the permafrost active layer is important for charac-
terizing hydrological processes and detecting permafrost degradation 
(Jorgenson and Osterkamp, 2005; Romanovsky and Osterkamp, 2000; 
Wlostowski et al., 2018). Since the 1970s, nuclear magnetic resonance 

(NMR) has been employed to study unfrozen water in freezing and 
thawing soils (Anderson and Tice, 1973; Smith and Tice, 1988). NMR 
yields information pertaining to soil wetness, pore-scale geometry, and 
surface mineralogy by probing hydrogen nuclei of water molecules 
within a soil matrix. Importantly, NMR is the only geophysical mea-
surement that directly measures water, meaning no petrophysical 
transforms are needed to convert signal strength to volumetric water 
content – petrophysical transformations are not required, only an in-
strument calibration in a water tank is needed to scale fractional water 
contents observed in formations (Behroozmand et al., 2015; Müller- 
Petke and Yaramanci, 2015; Walsh et al., 2013). To perform a calibra-
tion, the NMR signal measured with the tool in a water filled chamber is 
set as the factor to which all measurements in geologic formations are 
scaled. The calibration calculation assumes that the amplitude of the 
NMR response is directly proportional to the number of hydrogen nuclei 
present within the sensitive zone of the instrument, the sensitive zone is 
static, and that the temperature of the water within the sample is the 
same as the temperature of the water in the calibration chamber. 

The concept of borehole NMR started with large, truck-mounted 
NMR logging instrumentation conceived in the 1960s (Brown and 
Gamson, 1960). In recent decades, portable borehole-deployable NMR 
probes, which use low-field strength and - therefore low-excitation- 
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frequency measurements have allowed for high depth-resolution (25 
cm) soil moisture observations (Walsh et al., 2013). The major advan-
tages of these low-frequency NMR measurements in groundwater in-
vestigations include the ability to operate in small-diameter, hand-dug 
temporary boreholes, and the portable nature of the instruments that 
enables easy access to remote field sites (Walsh et al., 2013). 

There are two key temperature-related considerations related to 
borehole NMR measurements in permafrost environments, and partic-
ularly the active layer. First, NMR instruments deployed in permafrost 
regimes may encounter steep vertical temperature gradients depending 
on local geology and surface conditions. Second, calibrations may be 
done under lab conditions (~20 ◦C), but then measurements may be 
made at permafrost field temperature (~0 ◦C). Time lapse studies may 
face further challenges since the active layer field temperature varies 
through seasons. 

It is known that net magnetization - and therefore NMR response - is 
inversely proportional to temperature (Bloch, 1946). In freezing soils, 
the magnitude of the NMR response from hydrogen nuclei depends on 
temperature due to (1) fundamental thermodynamic and electromag-
netic properties of hydrogen nuclei (Grebenkov, 2007; Holtzer, 1954; 
Rabi, 1937) and (2) the phase change of water molecules from liquid to 
solid during freeze/thaw (Kass et al., 2017; Smith and Tice, 1988). NMR 
observations with sample temperatures spanning from 1 to 373 K reli-
ably demonstrate this sensitivity (Bloch, 1946; A. R. Tice et al., 1978) 
that arises from a balance of aligning influences, i.e. magnetic field 
strength, and scattering influences, i.e. the effect of temperature, within 
a sample (Bloch, 1946; Brown and Gamson, 1960). 

Recent in situ permafrost NMR studies acknowledge this temperature 
dependence and closely monitor sample temperature; however, cali-
bration correction factors to account for vertical gradients or temporal 
changes are not reported. Kleinberg and Griffin (2005) acknowledge the 
large temperature gradients within permafrost soils on the North Slope 
of Alaska; however, they do not mention temperature-specific calibra-
tion of their 2.2 MHz borehole NMR at depths up to 400 m. Borehole 
NMR investigations within the active layer of permafrost (where tem-
peratures at the surface range from >15 ◦C in the summertime to less 
than −15 ◦C in the winter (Douglas et al., 2020) are becoming more 
apparent in scientific literature. Kass et al. (2017) use low-frequency, 
portable NMR to estimate water contents and hydraulic conductivity 
of active layer soils in Alaskan boreal forests and report that tempera-
tures were uniform within the soil column (between −1 ◦C and − 2 ◦C 
during the time of measurement). Minsley et al. (2016) and James et al. 
(2021) conducted similar investigations of active layer water content in 
regions of discontinuous permafrost, although calibration corrections 
are not reported. 

In order to be able to reliably interpret low-frequency NMR logging 
data in permafrost environments, the overarching research question that 
we seek to answer, [Q1], is: How does temperature affect NMR mea-
surements under the circa-cryotic conditions of permafrost active layer 
soils? We hypothesize that temperature effects on the NMR response 
produce a water content bias that is non-negligible, particularly when 
considering steep temperature gradients and time-lapse measurements. 
We hypothesize the following temperature-dependent internal (i.e., on 
the instrument) and external (i.e., in the water within the sensitive 
volume) factors may have a control on measured water content:  

• H1: As the internal magnet temperature goes down, the field strength 
goes up thereby pushing the sensitive zone farther into the formation 
than where it was calibrated.  

• H2: As the internal magnet temperature goes down, the field strength 
goes up thereby changing the slope of the field gradient and 
increasing the width of the sensitive zone compared to the calibrated 
value.  

• H3: NMR signal amplitude within a water sample varies more than 
would be expected by the standard model.  

• H0: The null hypothesis is that only NMR response within liquid 
water inside the sensitive volume control temperature dependance. 

Our results demonstrate that going from a calibration temperature of 
20 ◦C to field conditions of 0 ◦C produces an 18% bias in water content. 
While it is possible to simply calibrate the instrument to 0 ◦C, that would 
only be useful if the ground temperatures are isothermal – otherwise the 
possibility for steep vertical temperature measurements makes correc-
tion desirable across the depth log. The temperature response is 
instrument-specific, so a temperature correction factor should be 
assessed for each instrument prior to non-isothermal measurements. 

2. Background and theory 

NMR is useful to geophysicists because the technique provides a 
direct measurement of water volume. NMR surveys may be made in 
three geometries: surface-NMR leverages the Earth’s natural back-
ground magnetic field and measures NMR response as depth soundings, 
and lab- and borehole-NMR utilize permanent magnets to establish the 
background magnetic field (Behroozmand et al., 2015). This study fo-
cuses on borehole and lab NMR. NMR probes the spin magnetic moment, 
an intrinsic physical property of hydrogen protons. Subjected to a 
magnetic field, the spin magnetic moments of hydrogen protons align 
with the applied field and precess about the static magnetic field at the 
Larmor frequency (Bloch, 1946): 

fL = ωL

2π;ωL = γ B0 (1) 

The net magnetization of the sample volume at thermal equilibrium 
depends on the number of spins (hydrogen protons), temperature, and 
the applied magnetic field strength (Bloch, 1946; Waller, 1932). 

The lab-NMR and borehole NMR instruments considered in this 
study utilize the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence to 
conduct measurements (Carr and Purcell, 1954; Meiboom and Gill, 
1958). This pulse sequence utilizing 180o refocusing pulses was devel-
oped to rephase proton spins in solids subjected to a heterogeneous 
magnetic field. The maximum value of the CPMG exponential decay 
curve—the same value as the maximum value of the free induction 
decay, FID, pulse sequence—is calibrated to a sample of entirely liquid 
water at some equilibrium temperature. 

θNMR = VNMR

VS
(2)  

here, θNMR is NMR-estimated water content, VNMR is the true volume of 
water in the sample, and VS is the volume of the measured sample. 
Sample temperature affects NMR signal strength due to diffusion and 
water molecule density (Grebenkov, 2007). 

The amount of NMR-sensed water during freezing depends on the 
amount of unfrozen water and the sample temperature (Kass et al., 2017; 
Kruse et al., 2018). The phase change of liquid water to ice manifests as a 
(i) overall reduction in the NMR signature due to the displacement of 
liquid water with ice as ice expands 9% upon freezing, and (ii) rapidly- 
decaying echo sequence from near-freezing ice (Kruse et al., 2018). 
Subjected to a fleeting magnetic field, ice elicits a relaxation signature 
up to 50 μs which influences the NMR signal (Kruse et al., 2018; 
Watanabe and Wake, 2009); however, such short relaxation times are 
not measurable using current shallow-borehole NMR instrumentation. 

The standard model depicts the net magnetization of the spin mag-
netic moment of hydrogen protons in water, M0, as a function of sample 
temperature, a constant number of spin magnetic moments within the 
sensitive zone, magnetic field strength, and temperature-independent 
physical constants. In water, this relationship reduces to (simplified 
Eq. (2)): 

Modelstandard = M0 = nγ2ℏ2

4KBTB0 (3) 
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where n = the number of protons per unit volume, γ = proton gyro-
magnetic ratio, ℏ is the reduced Planck’s constant, T is temperature, and 
KB is the Boltzmann constant. 

To better understand the effect of water density changes with tem-
perature on the number of hydrogen protons, n, within the sample 
volume, V, we model the relationship between water density and 
temperature: 

Model⍴(T) = M0 = n(ρw(T) ) |V γ2ℏ2

4KBT B0 (4) 

We calculate the contribution of the change in the number of water 
molecules within the sample volume due to density by fitting water 
density observations from 0 to 20 ◦C (Ground Water Manual Hydrologic 
Data and Internet Resources, 1977) to a 3rd order polynomial. 

n(T) = ρw(T) =
(
1.57× 10−7)T3 −

(
1.40× 10−4)T2 + 0.041T − 3.04 (12)

(5) 

The magnetic field of the tool becomes stronger under colder tem-
peratures, thereby causing the zone of sensitivity to move slightly 
farther from the instrument, and to become slightly wider. This effect of 
changing sampling volume due to temperature-dependent magnetic 
field strength was determined empirically by measuring a radial cross- 
section of the probe magnetic field strength at 2 cm spatial resolution 
and equilibrium temperatures of 20 ◦C, 10 ◦C, and −8 ◦C. These field 
strength measurements were used to determine the sensitive radius of 
the probe, i.e. the radius at which B = γ

ωL 
(from Eq. (1)) where ωL is equal 

to the measurement frequency of the instrument. The modeled increase 
in instrument sensitivity with decreasing temperature due to the 
changing sensitive volume is given by Eq. (6). 

ModelSV(T) = M0 =
n(ρw(T) ,V(T) ) γ2ℏ2

4KBT B0 (6)  

3. Methods 

To test the temperature dependence of NMR measurements, bore-
hole NMR (Dart by Vista Clara, Mukilteo, WA) measurements were 
completed in a − 20 ◦C to 20 ◦C water bath located in the Cold Regions 
Research Engineering Lab Alaska Research Office cold rooms in Fair-
banks, AK. The experimental setup consisted of the NMR probe in a 
water filled 50 gal plastic bin secured by clamping the top of the probe to 
the ceiling and centralized through a 5 cm diameter hole cut through 
plywood affixed to the top of the bin (Supplemental Fig. S1 and Fig. S2). 
Room and water temperatures were monitored using a four-channel 
Hobo temperature logger with one sensor 10 cm above the tank as-
sembly and three sensors located 10 cm, 30 cm, and 50 cm from the 
bottom of the water tank. The entire water tank was wrapped with 
aluminum foil (except for the hole for the probe at the top) to serve as a 
Faraday cage around the sensitive zone of the instrument and limit 
ambient electromagnetic noise. The temperature of the cold room was 
adjusted incrementally from 20 ◦C to −20 ◦C over a two-month period 
during which the room temperature was set to the desired level and 
water temperature was allowed 12–24 h to equilibrate with the room 
temperature. 

NMR measurements were recorded every hour. We monitored water 
temperature, noise in the raw data, battery voltage, and quality factor (i. 
e., a resonator’s bandwidth relative to its center frequency). Borehole 
NMR measurements utilized two frequencies to optimize signal to noise 
ratio, and results were weighted according to the noise levels of each 
frequency. NMR measurements in the water tank were made at 426,270 
Hz and 478,271 Hz using a 50 μs excitation pulse length, 800 μs echo 
spacing, 10 s relaxation time, and 50 averages. Observed noise in the 
measurements was <3%. 

To isolate the effect of the NMR probe temperature from the water 
temperature, we used the Corona NMR (Vista Clara, Mukilteo, WA) lab 

instrument to produce conditions where the instrument temperature 
could be constant while varying the water temperature (Supplemental 
Figs. S3-S5). We performed triplicate calibration measurements on a 
room temperature (20 ◦C), water filled plastic cylinder (7 cm diameter, 
15 cm length, Supplemental Fig. S3b), then placed the sample in a −
14 ◦C freezer until the onset of visible ice crystallization, and then 
removing the sample (0 ◦C) from the freezer and monitoring the NMR 
response every 60 min until the sample reached room temperature. 
Thermistors were affixed on the top and bottom of the cylinder to 
monitor sample temperature during warming. Though lab- and 
borehole-NMR operate on the same physical principles, have similar 
background magnetic field strengths, and use similar electronic com-
ponents, they have instrument-specific water content calibrations as a 
function of temperature due to differences in their magnetic fields since 
the borehole tool is “outward focused” and the lab instrument is “inward 
focused” (Tice et al., 1988). 

To isolate the effect of sample temperature on NMR signal amplitude 
from the effect of probe temperature (controlling background magnetic 
field strength), the borehole NMR probe was insulated in a 10 cm 
diameter capped PVC pipe (Supplemental Fig. S5) and inserted into a 
tank of near-freezing water. The NMR control unit, computer, and 
chargers were kept in a separate room from the probe. The probe tem-
perature slowly decreased from 20 ◦C to 2 ◦C over the course of 6 h, and 
the NMR-sensed water contents were recorded. To further understand 
how the internal NMR probe’s magnetic field is spatially affected by 
temperature changes, we measured a radial cross section map of mag-
netic field strength of the NMR probe at 2 cm spatial resolution using a 
Hall probe (Gauss Meter 300 from Alpha Labs, UT; 0.1 Gs resolution 
below 20,000 Gs) at different ambient temperatures. Measurement po-
sition was marked on a stationary grid for each measurement, and total 
magnetic field strength was calculated using the vector sum of mea-
surements in the horizontal (x, perpendicular to NMR probe), vertical (y, 
parallel with NMR probe), and vertical (into page, orthogonal to x and y) 
directions. The probe was measured in Faraday-cage-like conditions at 
20 ◦C and − 8 ◦C. 

4. Results 

4.1. The net effect of temperature on instrument and sample 

In Fig. 1, we show the water contents reported during the cooling 
experiment where both the probe and water sample temperatures are 
varied together. The observed battery voltage reflects cyclic charging of 
two parallel 130 Ah, deep-cycle marine batteries plugged into a 15 A 
computer charger metered by a 9 A DC inverter for minimal measure-
ment noise. Computer and battery chargers were placed outside of the 
metal-lined cold room. The effect of temperature on bulk water showed 
some predicted results and some surprises. Both lab-NMR and borehole- 
NMR report 100% water content at 20 ◦C (the standard calibration 
temperature), but they both overestimate water content as the sample 
temperature decreases: lab-NMR overestimates by 10% at 0 ◦C, and 
borehole NMR overestimates by 18% at 0 ◦C (Fig. 1). 

NMR observations on bulk water over a range of temperatures 
appear to be linear, and follow the Curie formula for sample magneti-
zation (standard model in Fig. 2), increased magnetic field strength with 
temperature which effects the Larmor frequency and sensitive volume 
for borehole NMR, or water density changes with temperature fail to 
explain the variation in NMR-sensed total water content with tempera-
ture. NMR magnetization as a function of temperature from −20 to 20 ◦C 
along with models accounting for water density and instrument sensitive 
volume are shown below. Eq. (6) is labeled, “ModelSV(T)”, in Fig. 2. Fig. 2 
also includes theoretical models accounting for sample volume, water 
density, and magnetic field strength. Fig. 3 also shows the empirically fit 
models that could be used to normalize data acquired at a range of 
temperatures. 
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4.2. Effect of temperature on sample only 

In this test, the temperature of the lab-NMR magnet does not change 
over time while the sample temperature increases. Fig. 2 shows water 
content observations on a warming cylindrical sample measured with 
lab-NMR (solid markers) that approximately follow the slope of the 
standard model. 

4.3. The effect of temperature on magnetic field strength 

Here we explored how the magnetic field strength varied when 
changing only the temperature of the probe. Fig. 4 shows a 2D radial- 
cross-section of the magnetic field strength at room temperature and 
the changes in magnetic field strength with temperature. Colder tem-
peratures increased magnetic field strength in some areas and decreased 

it in others—possibly due to highly-temperature dependent heteroge-
neities of the magnetic field close to the tool. A potentially significant 
result of changing magnetic field strength with temperature is a change 
in the volume of the sensitive zone. The sensitive zone is defined by the 
thin cylindrical shell with a radius equal to the distance from the probe 
where the Larmor frequency (a function of magnetic field strength, Eq. 
(1)) equals that of the instrument pulse. The sensitive volume increased 
with decreased temperatures and increased magnetic field strength 
(Fig. 5a). The linearly extrapolated relationship between sensitive vol-
ume and temperature is depicted in Fig. 5b. 

4.4. Effect of temperature changes on the NMR probe 

As shown in Fig. 6, when water temperature is held constant and 
probe temperature decreased from 20 ◦C to 2 ◦C, the NMR-sensed water 

Fig. 1. Dart measured (a) water content, noise, (b) battery voltage, and Q vs. temperature.  

Fig. 2. Lab-, borehole-, and theoretical NMR response as a function of temperature. “Modelstandard”, “Model ρ(T)”, and “ModelSV(T)” corresponds to Eqs. (3), (4), and 
(6), respectively. 
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content remained stable (θNMR, mean = 109%; θNMR, standard_deviation =
1.4%). 

5. Discussion 

This investigation informs the effect of temperature on NMR mea-
surements in freezing soils by assessing the question: How does tem-
perature affect NMR measurements under the circa-cryotic conditions of 
permafrost active layer soils? In this research, we establish that borehole 
NMR water content calibrations change up to 18% with 20 ◦C temper-
ature changes. The following sections place these observations in the 
context of the science questions of this study and relevant research. 

5.1. NMR temperature dependence in bulk water 

The NMR net magnetization of water depends on sample tempera-
ture, the number of water molecules within the sensitive zone, magnetic 
field strength, and temperature-independent physical constants. This 
study shows a temperature dependence of 0.9% ◦C−1 in borehole NMR 
measurements on bulk water. This temperature dependence is greater 
than that which is approximated by fundamental relationships, 0.4% 
◦C−1. 

5.2. The effects of a cold magnet 

Exaggerated NMR water content at low temperature might be 
explained by magnetic field strength temperature dependence. As in H1 

Fig. 3. Borehole (Dart) and lab (Corona) NMR data with fits and 95% confidence bounds. Lab measurements are plotted alongside the model fit of NMR net 
magnetization (Eq. (3)). 

Fig. 4. Magnetic field strength differences (a. and b.) relative to room temperature borehole-NMR field strength (c.) shown for 10 ◦C and −8 ◦C. The radial cross- 
section of the zone of sensitivity is indicated by red dashed box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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and H2, cooling of the rare earth magnet within the probe is expected to 
increase magnetic field strength and result in a sensitive volume with a 
larger radius from the probe and therefore greater total sensitive volume 
relative to the calibration conditions (Fig. 2). We observe that the 
measured borehole NMR data (open circle markers in Fig. 2) acquired 
when both the probe and water were simultaneously cooled nearly align 
with the model displaying the predicted increase in sensitive volume due 
to reduced magnet temperature (Fig. 2 and Fig. 5a). However, further 
testing exploring the effect of separate cooling of the water and probe 
cast doubt on this explanation. When the magnet temperature alone was 
varied (i.e., probe cooled while insulated from water held at constant 
temperature), the observed NMR water content did not change (Fig. 6), 
casting doubt on H1 and H2. We note that the results of the magnet- 

cooling experiment encountered somewhat higher noise conditions 
(~6%, Fig. 6) compared to the experiment when the probe and water 
were cooled together (~3.5% Fig. 1), and we therefore recognize that it 
is possible that unexpected noise prevented us from observing the 
temperature effect on the magnetic field strength. 

5.3. Temperature dependent diffusion 

We attribute the temperature dependance of the NMR signal in part 
to the reduced self-diffusion of water at cooler temperatures (Naka-
shima, 2004) in support of H3. Nakashima (2004) observed pulsed NMR 
responses from bentonite clay at temperatures spanning 11 ◦C to 70 ◦C 
and water contents from 0 to 37.7% by weight—finding that T1, T2, and 

Fig. 5. Magnetic field strength as a function of distance from the NMR probe with marked sensitive distances at 20 ◦C and − 8 ◦C (a), and sensitive volume of 
borehole-NMR as a function of temperature (b). 
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D (the diffusion coefficient of H2O) increased with increasing 
temperature. 

Due to molecular movement and magnetic field gradients within 
background magnetic fields, sample magnetization diminishes over 
time, and this effective decay is known as diffusion (Grebenkov, 2007; 
Kleinberg and Horsfield, 1990). The self-diffusion coefficient is influ-
enced by water molecule surroundings as well as thermal characteristics 
(Grebenkov, 2007; Holz et al., 2000). If the magnetic field heterogene-
ities surrounding the borehole NMR probe (Fig. 4) are significant, the 
sensitive volume may not change with magnetic temperature as posed 
by H1 and H2—this would agree with the influence of magnetic field 
heterogeneities and Brownian motion of water (Kleinberg and Horsfield, 
1990). 

Modelling the impact of water density on NMR signal (Modelstandard 
vs. Modeldensity in Fig. 4) suggests that the 1% increase in density with 
decreasing water from 20 ◦C to 0 ◦C has minimal impact on NMR 
measurements over these temperatures (Eq. (4)). Other possible expla-
nations for exaggerated NMR water content include diffusive, i.e. 
Brownian, motion of water protons or non-linear magnetic field gradi-
ents as in H3 (Grebenkov, 2007). The temperature effects evident in 
NMR measurements in freezing soils emphasize the need for 
temperature-specific calibration values in field applications [Q1]. 

Measurements in this study agree with previous NMR experiments on 
temperature sensitivity and emphasize the instrument dependence of 
NMR temperature sensitivity (Akagawa et al., 2012; Kruse et al., 2018). 
The temperature dependence of the signal amplitude is instrument- 
specific according to both literature and the findings of this study. 
This NMR-instrument-specific calibration line resembles the calibration 
line introduced by Tice et al. (1981) advocating a similar temperature- 
specific NMR calibration relating FID intensity to sample temperature 
(A. Tice et al., 1982; A. R. Tice et al., 1981). The precise reason(s) for the 
instrument-specific signal amplitude to temperature relationships re-
mains unknown. One possible reason for instrument-specificity may be 
differences in magnetic field sources and permanent magnet orienta-
tions; magnetic field gradients are sensitive to these variables and affect 
diffusion (Fig. 3, (Carr and Purcell, 1954; Kleinberg and Horsfield, 1990; 
Meiboom and Gill, 1958)). 

5.4. Practical considerations for temperature accounting in borehole 
NMR 

Because (1) fluctuations in surface temperature yield steep temper-
ature gradients in active layer soil profiles and (2) the calibration of 
NMR measurements depends on temperature, NMR-assessment of active 
layer soils should employ a temperature-dependent calibration correc-
tion specific to each instrument. In NMR applications within the active 
layer, the temperature of the sample at the time of measurement should 
be recorded or modeled. 

Findings from this study demonstrate that lower temperatures yield a 
bias of ~18% in NMR responses in liquid water for a sample at 0 ◦C using 
a calibration for 20 ◦C. This results in overestimated water contents in 
near-saturation soils if sample temperature is not considered. The 
overestimation is relative to measured water content and depends on the 
difference between the measurement temperature and calibration tem-
perature. For example, if the true volumetric liquid water content in an 
unsaturated soil was 0.100 m3 m−3 measured at 0 ◦C the calibration was 
conducted at 20 ◦C, the NMR observation would reflect the 18% over-
estimation report water content of 0.118 m3 m−3, an error of 0.018 m3 

m−3. In contrast, consider a nearly saturated peat soil with true water 
content of 0.8 m3 m−3 measured at 0 ◦C with the calibration conducted 
at 20 ◦C, the NMR observation would report water content of 0.944 m3 

m−3, an error of 0.144 m3 m−3. In the former case, the error may be 
within the measurement noise (typically 2–3%) and be inconsequential; 
however, in the latter case it would be critical to account for the tem-
perature effect to obtain reliable results. 

5.5. Soil temperature compensation method 

We advocate use of a temperature correction factor in each borehole 
NMR profile where the magnitude of the sample temperature difference 
in degrees exceeds the value of the NMR signal noise in %. In the case of 
many field applications with the Dart, 3% noise is frequently observed, 
and therefore a temperature-difference tolerance of 3 ◦C is suggested for 
this instrument. For such instances where the temperature difference is 
known or suspected to exceed this tolerance (as in most active layer 
applications), we recommend the following steps:  

1. Measure the temperature of the soil profile 

For one-time measurements without a nearby temperature profile 
readily available, we advise deploying a temporary thermistor string 
with thermistors at measurement depths of the NMR sensitive zone. This 
thermistor string should equilibrate to the ground temperatures for 12 to 
24 h before recording the temperature profile. Attaching a thermistor to 
the side of the probe near the sensitive zone is ill advised due to: (i) the 
probe temperature is not as important as the ground temperature 
(Fig. 6), and (ii) the wait time for the probe temperature to equilibrate to 
the surrounding ground temperature would tremendously slow data 
collection efforts. 

For time lapse measurements on established boreholes, we recom-
mend deploying a logging thermistor string (with sensors at depths of 
NMR measurements) and using temperature profile data from the time 
of measurements for NMR signal corrections. Borehole NMR measure-
ments may be conducted within fluid filled, established logging wells 
given that the sensitive zone of the instrument exists entirely outside of 
the disturbed zone of the boreholes. Turbulent borehole fluids displaced 
by the instrument probe will not affect NMR measurements given that 
the sensitive zone of the instrument exists outside of the borehole. A 
removable thermistor string may be deployed within fluid filled, 
established logging wells as fluid within these wells will adopt a similar 
temperature profile to the well surroundings. For continual, repeat 
measurements at a study site, we recommend deploying a logging 
thermistor string adjacent to- but outside of the sensitive zone of the 
measurement profile remains a best practice as it requires few 

Fig. 6. NMR response with varying probe temperature. (a) shows (i) NMR- 
water contents derived from NMR frequencies f1 and f2–426,270 Hz and 
478,271 Hz, respectively, (ii) the weighted average of the frequency-specific 
water contents, and (iii) the total noise in the NMR spin echo decay curve 
(reported as % on the right axis). Fig. 6b. shows the NMR-reported water 
contents as a function of probe temperature. 
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assumptions and extra steps during data acquisition.  

2. Determine the temperature dependence 

The temperature dependance on borehole NMR measurements 
should be treated as an instrument-specific correction factor, and 
therefore a calibration temperature model (e.g., Fig. 3) should be 
developed for each field instrument before or after a field experiment. 
To determine the temperature correction factor for a specific NMR in-
strument, one should conduct calibration measurements on a stagnant 
water sample at 0 ◦C and 20 ◦C. The equation of a line intersecting these 
points will equal the temperature correction function. For the Dart, the 
temperature correction function is the linear fit of normalized NMR 
water content in bulk water as in Fig. 3.  

3. Scale NMR sensed water contents to temperature 

After observing the subsurface temperature profile and establishing 
the instrument temperature dependence, one can determine the neces-
sity of a temperature correction factor on NMR sensed water contents. 
Should such a correction be necessary, scale the reported NMR sensed 
water contents using the equation of the line, i.e. the temperature 
correction function, described in the previous paragraph. 

6. Conclusion 

We conclude that the temperature effect on NMR signals is not 
negligible, particularly in permafrost active layer investigations where 
steep temperature gradients as a function of depth may be encountered, 
and large seasonal soil temperature variations are expected. The 
instrument-specific temperature correction factor can be developed and 
applied based on field measured temperature data. This study is limited 
to the effect of temperature on NMR signal amplitudes and does not 
consider NMR relaxation time distributions in permafrost measure-
ments. The effect of temperature on NMR relaxation times (observed 
previously in clays) likely manifests in active layer studies and remains 
an outstanding research question for future NMR investigations. Con-
straining the effects of temperature on NMR signatures will allow for 
more reliable NMR inspection of hydrogeochemical parameters in 
permafrost ecosystems such as ice content, geochemical observations 
such as iron speciation, evidence of biological activity like biofilms, and 
hydraulic parameters like conductivity and fluid flows, among others. 
Such hydrobiogeochemical observations are critical as researchers 
continue to observe and model multiple facets and feedbacks of warm-
ing permafrost ecosystems. 
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