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Abstract

Monitoring bedrock vadose zone water storage dynamics with

time-lapse borehole nuclear magnetic resonance well logging

Logan Marcos Schmidt, M.S. Geo. Sci.
The University of Texas at Austin, 2022

Supervisor: Daniella Rempe

Bedrock vadose zone water storage dynamics are a critical component of the
hydrologic cycle in many catchments, but direct observations of these dynamics are rare.
Nuclear magnetic resonance (NMR) methods are sensitive to volumetric water content and
to pore chemistry and structure, making NMR a candidate for directly observing bedrock
vadose zone water storage dynamics and the material properties associated with them.
However, applications of NMR to study water storage in bedrock vadose zones are rare.
Here we present the first use of time-lapse borehole nuclear magnetic resonance well
logging to monitor and characterize seasonal water content changes in the deeply
weathered bedrock vadose zone at two sites in Northern California. The work is presented
in two chapters, each of which focuses on one of the two aspects of the NMR measurement:
water content and relaxation times. In the first chapter, we evaluate the ability of borehole
NMR to quantify water content changes in weathered bedrock. We show strong agreement

between estimates of dynamic water storage derived from NMR and independent estimates
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from neutron logging and mass balance calculations. The agreement between NMR and
neutron estimates of dynamic storage suggests that all seasonally exchanged bedrock water
is hosted in fractures, and not the matrix, at these sites. The depths of dynamic storage we
observe are up to 9 m and likely reflect the depth extent of root-water uptake. In the second
chapter, we document the relationship between bedrock weathering and NMR relaxation
times. We find that the sum of echoes (SE) is a useful approach for characterizing NMR
relaxation times in the vadose zone, and we use the functional dependence of SE on water
content to show that enhanced bedrock weathering extent is associated with faster
relaxation times. We find evidence that NMR relaxation times can be sensitive to changes
in pore pressure associated with recharge events. The work presented here establishes
borehole NMR well logging as a viable method for in situ vadose zone monitoring and

characterization.
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Chapter 1: Quantifying dynamic bedrock vadose zone water

storage with time-lapse borehole nuclear magnetic resonance

ABSTRACT

Quantifying the volume of water that is stored in the subsurface is critical to studies
of water availability to ecosystems, slope stability, and water-rock interactions. In a variety
of settings, water is stored in fractured and weathered bedrock as rock moisture. However,
few techniques are available to measure rock moisture in unsaturated rock, making direct
estimates of water storage dynamics difficult to obtain. Here, we use borehole nuclear
magnetic resonance (NMR) at two sites in seasonally dry California to quantify dynamic
rock moisture storage. We show strong agreement between NMR estimates of dynamic
storage and estimates derived from neutron logging and mass balance techniques. The
depths of dynamic storage are up to 9 m and likely reflect the depth extent of root water
uptake. To our knowledge, these data are the first to quantify the volume and depths of

dynamic water storage in the bedrock vadose zone via borehole NMR.

INTRODUCTION

Water storage in the unsaturated zone is a fundamental component of the
hydrologic cycle that regulates evapotranspiration, runoff, and groundwater recharge.
Water storage in soils as soil moisture has received considerable attention, and
methodology for quantifying dynamic storage in soils exists across scales (Babaeian et al.,
2019). However, less attention has been paid to dynamic storage within fractured bedrock,

where dynamic water storage can play a critical role in providing water to vegetation
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(Schwinning, 2010), dictating the fate of contaminants (Faybishenko et al., 2000; Gwo et
al., 2005) and controlling the pace of chemical weathering and biogeochemical cycling
(Ireson et al., 2009; Wan et al., 2019). Few techniques are available to document the
spatiotemporal patterns of volumetric water content in unsaturated, fractured bedrock
environments.

Nuclear magnetic resonance (NMR) is an emerging geophysical method for
estimating the water content and hydraulic properties of the unsaturated zone. Geophysical
applications of NMR methods, including laboratory, borehole, and surface applications,
have become well established over several decades and are routinely used in petroleum
engineering (Coates et al., 1999; Dunn et al., 2002) and hydrogeophysics (Behroozmand
et al., 2015) to characterize the flow and storage properties of porous media. The NMR
measurement is directly sensitive to the hydrogen content of pore fluid and therefore
provides robust measurements of volumetric water content. In vadose zone hydrology
applications, a distinct advantage of NMR relative to other geophysical methods such as
electrical resistivity tomography, seismic, or ground penetrating radar is the ability to
directly quantify volumetric water content as well as changes in volumetric water content.
Recently, NMR has been employed to estimate water content in the bedrock vadose zone
at the field scale via borehole (e.g., Flinchum et al., 2018; Rempe et al., 2018) and surface
(e.g., Carriere et al., 2016; Flinchum et al., 2019; Lesparre et al., 2020) deployments.
However, borehole NMR has not yet been used monitor the small water content changes
that occur in unsaturated weathered bedrock, and it has not yet been established whether
such water content changes, and thus dynamic storage, can be reliably quantified with

borehole NMR measurements in the complex subsurface environment. Importantly, there
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is a limit to the fastest decaying signals (shortest relaxation components) that can be
captured by borehole NMR instruments, set by the minimum echo spacing of the tool
(Behroozmand et al., 2015). This means that water held in the smallest pores and, in the
vadose zone, the residual wetting layers with the highest surface/volume ratios may not be
included in the NMR estimate of volumetric water content. Such potential petrophysical
limitations of NMR for quantifying in situ changes in unsaturated water content, including
others such as sufficient signal/noise ratio or the presence of minerals with high magnetic
susceptibilities (e.g., Keating & Knight, 2008, 2010), have not yet been assessed at the field
scale.

Here, we monitor water content changes and quantify dynamic storage associated
with fractures in unsaturated bedrock weathering profiles through successive borehole
NMR well logging conducted under wet and dry conditions at two seasonally dry field
sites. We support our NMR results using the results of neutron moderation logging and
hydrologic mass balance techniques and use the agreement among these methods to
evaluate borehole NMR as a technique for capturing the magnitude and spatiotemporal

patterns of unsaturated dynamic storage in weathered and fractured bedrock.

SITE DESCRIPTION AND METHODS

We exploit two established hillslope study sites—Rivendell and Sagehorn—
associated with the Eel River Critical Zone Observatory (ERCZO) in the Northern
California Coast Ranges, United States (Figure 1.1). The sites are approximately 20 km
apart. The climate is Mediterranean, with warm dry summers and cool wet winters. Mean

annual temperature at the site is 13°C and mean annual precipitation (measured from 1981
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to 2010) is 1,811 mm (PRISM Climate Group, 2004). The seasonal cumulative

precipitation during the 2017 water year was 3,381 mm.
44%700E
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Figure 1.1. Site maps modified from Dralle et al. (2018). Inset shows the state of California
with a blue point for the study watersheds location. (a) Bare Earth hillshade
map of the Rivendell study area. Inset shows the Elder Creek watershed, and
the yellow point corresponds to the Rivendell site. Borehole locations are
shown as red points. (b) Bare Earth hillshade map of the Sagehorn study area.
Inset shows the Dry Creek watershed, and the yellow point corresponds to the

Sagehorn site. Borehole locations are shown as red points

Each study site has a distinct lithologic and ecologic setting. The Rivendell site is
underlain by turbidites of the Coastal Belt of the Franciscan Formation, consisting of
argillite with sandstone and conglomerate interbeds. The Rivendell boreholes (W7, W12,

W13, W14, W15, and W16) are drilled into the deeply weathered argillite and intersect
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minor sandstone interbeds. The weathering profile—consisting of thin (<1 m thick) soils,
up to 4 m of saprolite, and up to 20 m of weathered bedrock—thickens upslope from 4 m
near the channel to 25 m at the ridge and shows decreasing fracturing and weathering with
depth (Rempe & Dietrich, 2018; Salve et al., 2012). Rivendell hosts a mixed
broadleaf/needleleaf evergreen forest. Boreholes W12, W13, W2, W14, W5, W6, W7 and
W15 are located on the north-facing slope where Douglas Fir dominate W16 is located on
the south-facing slope where madrone and oaks dominate. The Sagehorn site is underlain
by the Central Belt of the Franciscan Formation, which is a tectonic melange that consists
of tectonically sheared argillite with coherent blocks of varying sizes composed of different
mineralogy. Soils 3040 cm thick overlie a thin saprolite and unweathered mélange matrix
is typically encountered at 2- to 4-m depth (Hahm et al., 2019). W501 is drilled into an
argillaceous mélange matrix with herbaceous groundcover, while W503 and W505 are
drilled into a sandstone block near a mixture of mature bay and live oaks (Hahm et al.,
2018).

Boreholes at both sites were drilled and constructed for downhole moisture
monitoring. Holes were drilled without water or drilling fluid via auguring or air-rotary
coring (see Table S2 for borehole information). Holes W14, W15, W16, W501, and W503
were drilled with a 3-inch bit and cased snugly with no backfill with 2-inch PVC (outer
diameter 2.375 inches), and holes W7, W12, W13, and W505 were drilled with a 4-inch
drill bit and cased snugly with no backfill with 3-inch PVC (outer diameter 3.5 inches)
(Hahm et al., 2018; Salve et al., 2012). To prevent ponding and preferential flow of
infiltrating water down the borehole, well heads were constructed with outward-sloping

concrete. Each borehole penetrates the water table and thus encompasses the entire length
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of the unsaturated zone. We conducted two successive logging campaigns during the
summer of 2017. Borehole NMR and neutron well logs were conducted in May (wet
conditions, high water table) and August and October (dry conditions and low water table;
see Table S1).

Borehole NMR logs were acquired with a Dart NMR Logging System (Vista Clara,
Inc., Mukilteo, Washington, USA). Measurements were taken every 0.25 m using the same
graduated cable for all well logs. The volume of investigation is a cylindrical shell of height
0.23 m, thickness 1-2 mm, and radius 6.5-7.6 cm, centered on the central axis of the tool
(Walsh et al., 2013). The shallowest logged depth is 1.5 m, which is within bedrock and
below soils in all boreholes. Each NMR data set was acquired with the Carr-Purcell-
Meidboom-Gill pulse sequence at two operational frequencies near 420 and 480 kHz,
respectively, with 60 echoes and an echo spacing of 0.5 ms. The data were stacked 168
times, and each stack was separated by a repolarization time (or wait time) of 0.15 s. Before
each campaign, the system was calibrated in a shielded water sample in the lab. The NMR
data were processed using commercial software (JavelinProcess v4.4 and
JavelinInterpret_v1.8, Vista Clara, Inc.). All stacks, stages, and frequencies associated with
each depth interval were combined, and the resulting NMR decay curve was fit with a
multiexponential decay function determined via a nonnegative least squares inversion
algorithm with second-order Tikhonov regularization using the default software
regularization factor of 50. Water content estimated from our NMR measurements, Onmr
(m3/m?3), was taken as the value of the multi-exponential fit at time equals zero. Noise level
was taken as the norm of the residuals after subtracting the multiexponential fit from the

data.
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Borehole neutron logs were acquired with two neutron gauges: a 501 neutron and
gamma probe and a 503-moisture gauge (Instrotek, Concord, CA). Well-log measurements
were conducted for 25 s at depth increments of 0.30 m. The starting and ending depth of
each survey varied between wells, depending on the height of casing stick up and the depth
of the water table at the time of the survey. The volume of investigation is an ill-defined
ellipsoid cloud centered on the probe whose size depends strongly on water content. In
practice, the measured neutron water content is the mean for a sphere of radius about 15
cm in wet material and 30—70 cm in dry material (Bell, 1987; Gardner, 1986). The linear
calibration relation between neutron count, N, and water content, Gneutron (M*/m?), used for
501 measurements was developed by (Rempe & Dietrich, 2018) using a sand-filled barrel
calibration for each borehole diameter. To allow for inter-probe comparison, this
calibration was applied to the 501 by converting 501 counts to equivalent 503 count via
linear regression of measurements acquired in locations in which water content is invariant
(see SI, e.g., Ward et al., 2000; Ward & Wittman, 2009). It is exceptionally challenging to
accurately measure absolute 8 with a neutron probe (Seyfried et al., 2001; Williams &
Sinclair, 1981). This is because depth-by-depth calibrations are not feasible for
inaccessible, heterogeneous materials. Without such a calibration, we cannot make
accurate measurements of Gneutron. However, we can achieve much more accurate estimates
of water content change ABneutron because it depends only on the slope of the calibration
line, and materials differ relatively little in this respect (Bell, 1987). Our study focuses on
water content changes; nonetheless, we report the BOneutron that results from a constant
calibration throughout the profile and consider this to be a “sand-equivalent” water content,

i.e., not representative of the water content of the in situ material.
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To obtain estimates of uncertainty in nmr and Bneutron, We performed repeat NMR
and neutron measurements at different monitoring locations, using the same methods
employed in logging measurements. Uncertainty was estimated as the mean standard
deviation of all repeat measurement sets. Uncertainty in changes in water content measured
between wet and dry well logs (Afnmr) is calculated as the square root of the sum of the
squared uncertainties in water content (i.e., propagation of error). The uncertainty in depth
of the measurement was estimated as 0.5 cm.

Here, each borehole is associated with two sets of water content depth profiles: one
derived from successive NMR logs and another derived from successive neutron logs.
NMR and neutron logs were acquired within 0-19 days of each other (see Table S3 for the
exact logging dates). Based on previous monitoring, we do not expect detectable water
content changes greater than the instrument uncertainty of our borehole monitoring tools
to occur at the weekly time scale during the dry season at these sites (Hahm et al., 2020;
Rempe & Dietrich, 2018). NMR and neutron measurements acquired at the same location
at the same time are considered “paired” and allow for intra-method comparison of
measurements. For each method, water content change, A8 (m3mq), is calculated as the
difference in 8 between wet and dry surveys. Dynamic storage, Saynamic (Mmm), is calculated
as the depth integral of A@, excluding locations where A6 is not statistically different from
zero (below uncertainty). The depth of dynamic storage is calculated as the depth at which
the rate of increasing water content is lower than the rate of increasing uncertainty as A6
is integrated from the surface. Total storage, Sttar (Mm), is calculated as the depth integral
of water content measured in the May NMR well logs, which represent wet conditions. We

do not calculate Stota from neutron data, because we lack a material-specific, depth-by-
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depth neutron probe calibration that allows for accurate estimation of Gneutron. TO account
for differences in the vertical spacing of NMR and neutron measurements (0.3 and 0.25 m,
respectively), we linearly interpolated Onmr and ABnmr and resampled the data at 0.25-m

intervals.

RESULTS

Water Content Measurement Quality and Uncertainty

We achieved high quality NMR decay curves in unsaturated weathered bedrock.
The mean noise level is nearly constant for all NMR measurements at 0.014 m¥m3
(standard deviation of 0.005 m®m?). We find no correlation between noise level and Gnmr,
measurement location, or measurement date. In nearly all measurements (approximately
94%)), signal is larger than noise such that the signal/noise ratio exceeds one. NMR signal
amplitudes tend to decay rapidly—an average of eight consecutive echo amplitudes were
recorded per measurement before any single amplitude drops below noise level (e.g.,
Figure 1.2). Of the measurements reported here, 57% include at least five consecutive echo

amplitudes above noise level.
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Figure 1.2. The effect of drying on the NMR decay-curve (A and B) and relaxation time,
T», distribution (C and D) is shown for measurements made at 1.5 m depth (A
and C) and 10.0 m depth (B and D) in the bedrock vadose zone at Rivendell
in W15. Individual NMR decay amplitudes—scaled to units of volumetric
water content—are shown as discrete points, and superimposed curves are the
multi-exponential fit to these values. The value of the fit at time zero in A and

B, and the area under the curve in B and C, is @nmr for that measurement

Between wet and dry well logs, detectable differences in @nmr OCCur above
uncertainty (Figures 1.3 and 1.4). Uncertainty in 6Onmr is estimated from repeat
measurements. The standard deviation of repeat nmr ranges from 0.002 to 0.024 m3/m?,
with a mean of 0.014 m®m? (the standard deviation of repeat measurements is
coincidentally the same as the mean noise level; Figure 1.5). We take this mean as our
estimate of Onmr uncertainty, which is lower than the range of error estimates (0.02—0.10
m3/m?) reported by Kass et al. (2017) using the same instrument. Via the propagation of
error, the uncertainty in A@nmr is then 0.019 m3/m3. Among all monitoring measurements,
Onmr ranges from 0.002 to 0.254 m*/m? with a mean value of 0.078 m3/m?3. Therefore, nearly
all (96%) of 8nmr measurements are larger than uncertainty. Measurements of A@nmr range
from —0.060 to 0.108 m*/m? with a mean of 0.016 m3/m?. Only 31% of A@nmr measurements
are larger than uncertainty, indicating that many of our monitoring locations either do not
experience water content changes or experience small changes below detection. Generally,
large, detectable differences in 8nmr are concentrated at shallow depths, while at deeper

depths, differences tend to be below uncertainty.
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Figure 1.3. Example water content depth profiles which track a seasonal cycle of wetting
and drying of a bedrock vadose zone. The timing of water content logs is
shown as vertical lines in the (a) time series of rainfall and solar radiation.
Successive well logging with NMR (6amr) and neutron (éneutron) tools in (b)
W7 and (c) W15 in May (blue) and October (orange) 2017. Note that the
absolute magnitude of Oneutron represents a “sand-equivalent” water content
and does not accurately represent the in situ water content. Measurements are
shown as discrete points, and measurement uncertainty is shown as shaded
envelopes. Overlapping envelopes between May and October indicate that
change in @ at that depth is below uncertainty. All logging measurements were
obtained above the water table at the time of measurement, i.e., the depth
extent of measurements is equivalent to the depth extent of the unsaturated

zone at the time of measurement.

Like NMR, detectable differences in Oneutron tend to be concentrated at shallow
depths, and many monitoring locations did not show changes in water content (Figures 1.3
and 4). Uncertainty in Oneutron IS estimated from repeat measurements. The standard
deviation of repeat Gneutron ranges from 0.001 to 0.013, with a mean of 0.005 m3m? (Figure
1.5). We take this mean as our estimate of Oneutron Uncertainty. Via the propagation of error,
the uncertainty in changes in water content measured between wet and dry well logs
(A@neutron) is then 0.006 m3/m3. Among all monitoring measurements, Oneutron ranges from
0.189 to 0.413 m®/m?® with a mean value of 0.256 m3/m3. All Oneutron Values are greater than
uncertainty. Change in water content, A Bneutron, ranges from —0.014 to 0.073 m3/m? with a

mean of 0.020 m3/m3. Of all A Gneutron Values, 87% are greater than uncertainty.
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Figure 1.4. Water content change depth profiles measured with NMR (Afnmr) and neutron
(ABneutron) Well logs in the unsaturated zone of all study monitoring wells
between May and October 2017 (see Table S1 for survey dates). The 68%
confidence interval is depicted as vertical dotted lines. Af values that lie
within this interval are not considered significantly different from zero and
are not included in the calculation of dynamic storage. All logging
measurements shown were acquired above the depth of the May 2017 water

table.

There is agreement in A8 for both measurement techniques (Figures 1.4 and 1.6).
As expected, Oneutron does not agree with 6nmr (Figures 1.3 and 1.6) due to the sand-pack
calibration. However, we note that over the range of water contents measured, this offset
is relatively constant and the linear relationship (R2 = 0.52, p « 0.01) between paired Gnmr

and Bneutron measurements has a slope of nearly one (0.96 + 0.03) (Figure 1.6).

A) NMR repeat sets (N = 9) B) Neutron repeat sets (N = 24)
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Figure 1.5 The distribution of standard deviation values of water content estimates obtained
in repeat measurement sets using NMR (A) and neutron tools (B). In each
panel, the dotted black vertical line indicates the mean standard deviation of

all repeat sets, which we take as measurement uncertainty.

30



15
40 Oy = (09640.03)6+(-16.8608) : Af = (0.9940.08)A0  +(-0.42£021)
Borehole 1D
RZ=0.52 10F rR?=030
. W7
-value << 0.01 -value << 0.01
_ 30 p-value @ p-value . . ” W12
> 5 . w13
- E f W14
£20 S . W15
A
b W16
. W501
10 L N
-5 - W503
N W505
ok - 10k =
0 10 -10 5 0 5 10 15

anutron (cyn) QHCUU‘UH (cyn)

Figure 1.6 The relationship for 8 and A8 between paired NMR and neutron measurements.
Color corresponds to borehole, the solid black line is the linear least-squares

fit to the data, and the dotted line is the one-to-one line.

Patterns of Water Content and Dynamic Storage

The spatial patterns of 6 (Figure 1.3) and A6 (Figure 1.4) resolved by NMR and
neutron are consistent, despite the disagreement in the magnitude of Gnmr and Bneutron.
Vertical profiles of Onmr and Gneutron Show loss of vadose zone water storage between the
start and end of the summer dry season. Over the dry season, 8 generally decreases or does
not change (Figure 1.4). However, for small values of ABneutron close to 0.01 m3m?, the
ABnnr 1 typically below detection, and there are several depths where AGnmr and ABneutron
have opposite signs. For example, at 7.5 m in W7, ABnmr is negative, while ABneutron 1S
below detection (Figure 1.4). Such negative Afnmr values are an erroneous result of

measurement uncertainty. When actual water content changes are small, ABnmr values are
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the result of subtracting measurement noise, and spurious negative values can occur. Fewer
A Bneutron Values are negative due to higher Gneutron precision.

The spatial variability in water storage among and within wells is captured by both
methods consistently. Both NMR and neutron measurements of 8 and A6 are sensitive to
features at the meter and submeter scale (Figures 1.3 and 1.4). For example, both 8nmrand
BOneutron IN Figure 1.3c show an approximately 1 m thick interval of invariant, low water
content centered at 7.7 m, and an approximately 1 m thick interval of dynamic, high water
content centered at 3.3 m.

Storage estimates from NMR and neutron logging in this study are shown in Figure
1.7. Except for W16, Saynamic estimates from NMR and neutron agree within uncertainty
(Figure 1.7a). In general, Saynamic measured via neutron tends to be greater than Sdynamic
measured via NMR (Figure 1.7a). This is due to the lower detection limit of neutron relative
to NMR, such that small A@ measurements are included in neutron Sgynamic €Stimates, but

not NMR (Figure 1.4).
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Figure 1.7 (a) Comparison of dynamic storage, (b) depth of dynamic storage, and (c) total
storage from successive NMR (blue) and neutron (red) well logs. Error bars
reflect the propagated uncertainty in 8 and probe placement. Dynamic storage
is calculated as the depth integral of A8 between profiles logged in the wettest
(May 2017) and driest well logs (August 2017 for wells W13, W14, W501,
and W505 and October 2017 for wells W7, W12, W15, W16, and W501).
Dynamic storage estimated in other studies are shown for reference (Dralle et
al., 2018; Hahm et al., 2020). Depth of dynamic storage is the depth to which
A6O measurements are greater than measurement uncertainty. Total storage is
calculated as the depth integral of water content measured in the May well
logs, which represent wet conditions. Total storage is not estimated from

neutron logs due to the lack of material-specific calibration.

The spatial patterns of water storage are consistent with what has been recorded in
previous years at these sites (Hahm et al., 2020; Rempe & Dietrich, 2018). Previous studies
similarly report dynamic water storage concentrated at shallow depths in the unsaturated
zone, with little dynamic storage occurring at depths that are above and within the zone
where the water table fluctuates. (Table S1 lists the depths where groundwater is
encountered.) Our 2017 Saynamic Measurements show general agreement with Sdynamic
measured by successive neutron well logs conducted by Rempe and Dietrich (2018) and
Hahm et al. (2020) during other water years, except for W16 and W501 (Figure 1.7). At
W16, Saynamic estimated via NMR is significantly lower than the Saynamic measured by
neutron in different years of observation. At W501, the discrepancy between Saynamic

measured in 2018 and 2017 is likely due to the timing of the 2018 survey, which occurred
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shortly after a rainfall event that transiently wetted the upper 1.5 m of the profile (Hahm et
al., 2020). Dralle et al. (2018) report catchment average Sdynamic Of 380+60 mm for
Rivendell (Elder Creek watershed) and 90 + 45 mm for Sagehorn (Dry Creek watershed)
using a combination of streamflow recession analysis and hydrologic mass balance
techniques. These Saynamic estimates agree with the higher end of Sgynamic Observed in our
borehole measurements. Estimates of the depth of dynamic storage from NMR and neutron
generally agree to within 2-3 m, with neutron estimates generally being greater than NMR
estimates due to the lower uncertainty of neutron measurements. Neutron estimates of Sotal
are roughly 2-5 times higher than NMR estimates due to Bneutron being systematically

greater than Gnmr.

D1SCUSSION AND CONCLUSIONS

Successive borehole NMR measurements capture the timing, spatial pattern, and
magnitude of water content changes in the bedrock vadose zone at two seasonally dry field
sites.

The agreement between NMR and neutron A6 logging results indicates that
borehole NMR is a reliable tool for monitoring dynamic storage in complex, heterogeneous
bedrock vadose zones. We identify two important advantages to developing NMR for
widespread use in the deep vadose zone. First, there is great potential for linking borehole NMR
relaxation measurements to the hydraulic properties (such as water retention, e.g., Costabel &
Yaramanci, 2011, 2013; Mohnke et al., 2014), of material tens of meters deep within the vadose
zone and in rock. Such measurements are otherwise exceptionally difficult to obtain in situ. This

detailed hydraulic information can serve to mechanistically link the physical structure of
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unsaturated bedrock systems to watershed functioning (Brantley, Brantley et al., 2017;
Brantley, Lebedeva et al., 2017; Klos et al., 2018; Riebe et al., 2017). Second, compared
to neutron logging—the current standard for direct monitoring in unsaturated bedrock—
NMR is not associated with regulatory burdens, NMR can be deployed from the surface as
well as via borehole tools, and the NMR signal does not require a material-specific nor
casing-specific calibration to arrive at water content. The comparative ease of use of
borehole NMR should result in improved monitoring of flow and transport in the bedrock
vadose zone for applications associated with critical zone biogeochemical cycling,
landscape weathering, and ecohydrology.

To obtain high-precision 6nmr measurements with comparable uncertainty to other
6 measurements, very low logging speeds are required. This presents a significant
limitation. The precision of our borehole @nmr measurements (+0.014 m3/m?3) based on
repeat measurements, while on the order of some other water content measurement
techniques such as TDR (Roth et al., 1990), is less than the precision of our neutron probe
(£0.005 m®/m?) and less than the +0.0005 m3/m? neutron probe precision reported by
Seyfried et al. (2001). Our @nmr uncertainty estimate is specific to this study because it
represents our acquisition parameters, processing settings, and specific field conditions. In
many monitoring locations, water content changes that were undetectable with NMR were
detectable with neutron, which limits the extent to which water content measurements can
be compared over space and time. In one monitoring location (W16), this discrepancy
resulted in an underestimate of Saynamic from NMR relative to neutron, 203 + 82 (mm)

versus 513 = 45 (mm), respectively (Figure 1.7). Despite the limitations of NMR precision,
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our well logs led to reliable estimates of dynamic storage, suggesting that NMR could be
applied reliably to a broad range of rock types and settings (Figure 1.7).

Several strategies could be considered to achieve higher precision estimates of
dynamic storage with NMR. Uncertainty in our @nmr estimates is derived primarily from
the multiexponential fit to the NMR decay curve. The estimate of Onmr IS in principle
independent of relaxation and is dependent only on the initial amplitude of the decay curve
(Coates et al., 1999), but as is the case here, in practice 8 is often estimated from the initial
value of the multiexponential fit. This fit-derived 6 can be larger than the initial decay
curve amplitude if a significant fraction of water content is characterized by short
relaxation times relative to the tool's echo-spacing time (Behroozmand et al., 2015; Dunn
et al., 2002). In the vadose zone, water contents and relaxation times can be low, resulting
in short decay curves with low signal/noise that inherently lead to fit-derived uncertainty
in Onmr. TO avoid errors that may arise due to the multiexponential fit, the average of the
first decay curve amplitudes can be used as an alternative approach for estimating Bnmr.
However, when decay curves are primarily composed of short relaxation components
relative to the pulse spacing, this approach will lead to greater underestimation of Gnmr
relative to actual 8. To combat NMR uncertainty, a high running average and low logging
speed can be applied to arrive at a sufficiently high signal/noise ratio for monitoring small
changes in low water contents. Additionally, using short repolarization times and
measurement lengths can improve logging speed. To address variations in relaxation times
in space and time within a given well log, we recommend initiating well logs with repeat
measurements at representative locations and tuning logging parameters based on these

site- and timing-specific results.
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Our selection of regularization parameters presents another source of uncertainty
for Onmr and thus non-dynamic storage, but not for A@nmr OF Saynamic, because noise values
are constant, and we use constant regularization factors across all data sets. To evaluate the
impact of regularization factor on 6nmr, We inverted our repeat measurements using a large
range of regularization factors (Figure 1.8) and found that this effect is less than the Gnmr
uncertainty we report for repeat measurements (0.019 m®m?). Our selection of 50, which
is consistent with other studies (e.g., Kass et al., 2017), avoids overregularization or under

regularization of our data.
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Figure 1.8 The impact of regularization factor on énmr and its uncertainty for repeat
measurements conducted at 10 m in monitoring borehole W?7. Circles
represent the mean value of three measurements and vertical bars represent

the standard deviation. In this study, we use a regularization factor of 50.

The end-of-dry-season (seasonal minimum) Onmr is generally nonzero and in many
locations can be as high as 10-15% (Figure 1.3). This indicates that there is a substantial
volume of non-dynamic storage in the bedrock vadose zone. NMR measurements provide
a conservative estimate of non-dynamic storage (Stotar In Figure 1.7 less dynamic storage)
for several reasons. First, there may be significant amounts of seasonally invariant water
that is undetectable to NMR due to low relaxation times (<1 ms) below the echo-spacing-
determined detection limit of the tool and are therefore excluded from @nmr. Pore diameters
in the fine-grained matrix of our site are largely at the micron scale (Gu et al., 2020; Hahm
et al., 2018). This means that water held in much of the matrix is likely to be characterized
by relaxation times below the 0.5-ms echo-spacing time of the Dart (e.g., Lewis et al.,
2013), rendering it undetectable and unaccounted for by our estimates of 6nmr. Therefore,
a significant fraction of the pore network may contain water outside of the detection range
of our NMR instrument, and thus, 8nmr is lower than actual 8. Second, in addition to pore
size, multiple mechanisms may reduce Onmr relative to actual 6 by enhancing relaxation
times. These mechanisms include the presence of minerals that exhibit high magnetic
susceptibilities on pore surfaces (Keating & Knight, 2008, 2010), residual water menisci
with high surface area/volume ratios and therefore short relaxation times at low saturations
(Mohnke et al., 2014), and biofilms (Kirkland et al., 2015). We therefore conclude that

Stotal And non-dynamic storage could be substantially larger than what is recorded by NMR.
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There is considerable agreement between the spatiotemporal patterns of dynamic
storage resolved by our NMR and neutron measurements. Both methods show that dynamic
storage is concentrated at shallow depths, and we propose that the depth of dynamic storage
(Figure 1.7) could represent an effective rooting depth. All or most of the dynamic storage
reported here likely supplies transpiration for woody vegetation (Dralle et al., 2018; Hahm
et al., 2020; Rempe & Dietrich, 2018). At both sites, roots in bedrock are observed in
exposures (Hahm et al., 2019; Rempe & Dietrich, 2018), and at Rivendell, roots were
observed to 16 m when drilling. The depth of dynamic storage is variable across the sites
(Figure 1.7) such that neither site can be characterized by a single effective rooting depth.
Patterns of dynamic storage diverge between methods at depths below the depth of
dynamic storage where small changes occur that do not contribute significantly to dynamic
storage.

The bedrock vadose zone at our sites is highly fractured, and we propose that our
NMR monitoring provides evidence that unsaturated dynamic storage is dominantly—if
not exclusively—held in fractures. The agreement in A8 between paired NMR and neutron
measurements, and the fact that NMR detects both dynamic and non-dynamic pore
domains (because there is nonzero &nmr at the end of the dry season), shows that all dynamic
storage occurs in pores detectable by NMR. Because water held in the fine-grained matrix
at our sites is likely undetectable by our tool, virtually all dynamic water storages occur in
larger, more interconnected pores, i.e., fractures. For the assumption that dynamic storage
occurs exclusively within fractures, the range of A@nmr of 0.108 m3/m? (Figure 1.4) would

represent the minimum fracture porosity. Future studies could use NMR relaxation
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measurements with measurements of surface relaxivity to evaluate the sizes and shapes of

pores that host seasonally dynamic water (e.g., Mohnke et al., 2014).
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Chapter 2: Using time-lapse borehole NMR relaxation
measurements to investigate the relationship between weathering and

water storage dynamics in the bedrock vadose zone

ABSTRACT

Methods for characterizing the in situ material properties that link water storage to
weathering processes in bedrock vadose zones are lacking. Here, we apply time-lapse
measurements of nuclear magnetic resonance (NMR) to the characterization of weathered
bedrock because the saturation-dependance of NMR relaxation times is related to pore
chemistry and structure. We use successive borehole surveys in deep wells across the
deeply weathered Eel River Critical Zone Observatory “Rivendell” hillslope to relate NMR
relaxation times to water storage dynamics driven by deeply rooted trees. We find that the
low signal to noise ratio (SNR) associated with low water content and fast relaxation times
in the vadose zone makes it challenging to apply conventional NMR interpretation
approaches such as the full relaxation time distribution (RTD) or the logarithmic mean of
the RTD. Instead, we leverage the sum of echoes (SE) to characterize relaxation times. The
functional relationship between SE and water content serves as a proxy for the water
retention function. We find that, at the same water content, more extensively weathered
bedrock has faster relaxation times (lower SE) than less weathered bedrock. We suggest
that the faster relaxation times observed in extensively weathered bedrock are caused by
the accumulation of, due to weathering processes, oxides and clays with enhanced surface
relaxivity. Further work is required to elucidate the role of pore structure. We also find that

groundwater recharge can drive an increase an SE in the vadose zone without a detectable
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water content increase, indicating that water is reconfigured in the pore space without a
detectable change in water content. Thus, our in-situ documentation of SE and water
content reveals, for the first time, a relationship between weathering, water retention, and

water transport in the weathered bedrock vadose zone.

INTRODUCTION

The storage and transport properties of the bedrock vadose zone control
transpiration and recharge in many catchments (McCormick et al. 2021; Grant and Dietrich
2017). These properties are closely related to the size and shape of pores (Blunt 2017).
Pore structures in the bedrock vadose zone evolve over time due to weathering processes,
which tend to increase water storage capacity (Riebe et al. 2017) and may convert
otherwise ecohydrologically inert bedrock into ‘“hospitable substrates for terrestrial
ecosystems” (Graham et al. 2010; Riebe et al. 2017) if water storage becomes plant-
accessible (Rempe and Dietrich 2018; Hahm et al. 2019; Hahm et al. 2022). Observations
of pore structures, and how they evolve with weathering extent, therefore not only provide
a mechanistic basis for modeling bedrock vadose zone water storage dynamics, but also
provide a means of linking these mechanisms to weathering and ecological processes.
However, in situ observations of pore mineralogy and structures in the bedrock vadose
zone are rare. Laboratory analyses can provide detailed information about pore properties,
but obtaining representative samples is difficult. For example, in some catchments, coring
may be completely ineffective at preserving meso-scale fractures that dominate flow and
storage properties. Methods are needed that provide in situ observations at the pore-scale

throughout the weathering profile.
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Borehole nuclear magnetic resonance (NMR) methods are a candidate for in situ
characterization of the pore-scale properties of the bedrock vadose zone. Borehole NMR
methods are well established for hydrocarbon and groundwater applications, where they
are routinely used to measure porosity and the pore size distribution (PSD) of materials
that are fully saturated with a single pore-fluid phase (Coates et al. 1999; Dunn et al. 2002,
Behroozmand et al. 2015). Less routinely, NMR methods are used to characterize
multiphase flow, although the interpretation is fundamentally different (Mohnke et al.
2015). In vadose zone applications where the pore-fluid phases are air and water, NMR
measurements can be used to directly measure volumetric water content 6, but they cannot
be used to directly estimate the PSD. Instead, the NMR signal is sensitive to the geometry
of residual wetting layers (Blunt 2017) in pore corners, which changes with saturation
(Costabel and Hiller 2021). The saturation-dependance of the NMR signal is therefore
linked to water retention and it is closely related to water potential and pore shape.
Understanding this link, and its application to vadose zone hydrology, is an active area of
research (e.g., Hiller and Klitzsch 2018; Costabel and Hiller 2021; Falzone and Keating
2016b). An important result is that the saturation-dependance of NMR relaxation times can
be used to parameterize the water retention function. So far, this approach has seen limited
field application and has not been applied to weathered bedrock.

Here we conduct repeat, time-lapse borehole NMR well logging to measure NMR
relaxation times as a function of 6 to create “NMR characteristic curves” in different
regions of the bedrock weathering profile underlying a well-studied hillslope called
Rivendell. The NMR characteristic curve is analogous to the soil-water characteristic curve

in that it is strongly affected by material properties such as texture and pore structure, and
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it is therefore related to hydraulic properties (Tuller and Or 2005). Note that the NMR
characteristic curve, unlike the soil-water characteristic curve, is also affected by pore
chemistry via surface relaxivity (Falzone and Keating 2016). Thus, comparison of the
NMR characteristic curve can be used to infer differences in the physical and chemical
properties of porous materials. Direct observations of bedrock vadose zone water storage
dynamics via monitoring boreholes in the Rivendell hillslope have revealed that the vadose
zone at this site is hydrologically stratified (Salve et al. 2012; Schmidt and Rempe 2020;
Rempe and Dietrich 2018). Only the uppermost 2-8 m of the bedrock vadose zone hosts
dynamic water storage. This region is interpreted to coincide with the root zone (Schmidt
and Rempe 2020). Below the root zone, a thick (up to 20 m) region of the bedrock vadose
zone does not host dynamic storage but it is important for rapidly transmitting water to
recharge groundwater. We term this region the transmission zone. The root zone, being the
uppermost portion of the weathering profile, is more extensively weathered than the
deeper, less weathered transmission zone. Therefore, we hypothesize that NMR
characteristic curves generated in the root zone will be different from NMR characteristic
curves generated in the transmission zone.

To overcome low signal-to-noise ratio (SNR) associated with low water contents
and fast relaxation times, we use the sum of echoes (SE) approach for characterizing
relaxation times (Chen 2000), which provides several advantages for this application
compared to more conventional approaches such as the full relaxation time distribution
(RTD) or the logarithmic mean of the RTD (T,,,;). SE is proportional to the product of 6
and the mean relaxation time (T ,,,)

(Eq 2.1) SE = (1/T,)0 - Ty
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where T, is the echo spacing (Chen 2000). Here, we plot SE as a function of 6 to
generate “NMR characteristic curves” in the root zone and the transmission zone. These
curves are then used to investigate the relationship between bedrock weathering and plant-

available water storage.

SITE DESCRIPTION AND HILLSLOPE HYDROGEOLOGY

Borehole NMR measurements were made in three boreholes drilled into a steep,
forested, north-facing hillslope in the Elder Creek watershed in northern California called
Rivendell. The hillslope is mantled with thin soils (up to 0.5 m thick), which overlie deeply
weathered bedrock that ranges from nearly 30 m at the ridge top to 4 m near the channel.
The contact between weathered and fresh bedrock is interpreted to be a strong hydraulic
conductivity contrast above which a seasonally dynamic water table forms. The catchment,
including Rivendell, is underlain by nearly vertically dipping argillite bedrock with minor
sandstone interbeds in the Coastal Belt of the Franciscan Formation. Average annual
precipitation is ~2000 mm, but there is significant variability (Hahm et al. 2019). Nearly
all precipitation occurs in a 5-6 month period in the winter. The catchment supports an
old-growth mixed broadleaf-needleleaf evergreen forest dominated by Douglas fir
(Pseudotsuga menziesii) on north-facing slopes. The region has a Mediterranean climate
of warm dry summers and cool wet winters. The peak incoming solar radiation occurs after
the last significant wet season precipitation event, which typically occurs in May.
Transpiration is sustained throughout the dry season by water storage in the root zone
(Rempe and Dietrich 2018; Hahm et al. 2019) which coincides with the upper part of the
bedrock vadose zone, up to ~10 m (Schmidt and Rempe 2020).
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The hydrogeology of the hillslope is well documented (Salve et al. 2012). The
groundwater table fluctuates seasonally, and the vadose zone, which is more than 20 m
thick at the ridge, is dominated by weathered bedrock. No overland flow occurs at the site
and saturation or lateral flow within soils or shallow weathered bedrock has not been
documented. Monitoring with time-lapse neutron well logging has shown that dynamic
water storage (up to ~500 mm) occurs in the soil and uppermost 2—8 m of the bedrock
vadose zone. This region is interpreted to coincide with the root zone (Schmidt and Rempe
2020). Water storage in the root zone is rapidly replenished by infiltration in the first
months of the winter wet season (characterized by the advance of a wetting front), and
slowly depleted by transpiration during the summer dry season (with no associated drying
front). The thickness of the root zone, defined as the depth of dynamic storage, is consistent
year-to-year. Below the root zone, a thick (up to 10 m) region of the bedrock vadose zone
does not host dynamic storage, but it is important for transmitting water to recharge
groundwater. We term this region the transmission zone. Water contents measured with
well logging in the transmission zone do not fluctuate seasonally. Transmission zone water
content tends to be lower than water contents observed in the root zone, except during the
driest conditions when root zone water contents has been, in some boreholes, measured to
be lower (Schmidt and Rempe 2020). Groundwater responds very rapidly during the first
major storms, long before vadose zone water storage is detected. This is interpreted to be
the result of a kinematic wave that is transmitted through the vadose zone, and it is
consistent with a pore network composed of fractures (Salve et al. 2012). Groundwater
tends to rise in episodic jumps associated with precipitation events during the wet season,

and to fall monotonically during the dry season.
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METHODS

Borehole NMR logs were acquired in two deep wells W14 and W15 (Figure 2.1)
with a Dart NMR Logging System (Vista Clara, Inc., Mukilteo, Washington, USA). These
boreholes were selected for analysis in this study because they intersect locations where
the perennially unsaturated vadose zone is thickest, i.e., the water table does not rise above
~20 m from the land surface (Figure 2.1). This means that these boreholes intersect both a
thick root zone (~8 m) and a thick transmission zone (~12 m), which enables the maximum
number of well logging observations to be obtained in, and to be used to compare, these
two regions. We acquired six well logs over the course of a year from May 2017 to March
2018 (Figure 1). This spans a period of drying (May to October) and a period of wetting
(October to March). Measurements were taken every 0.25 m. The volume of investigation
(\VOI) of the Dart is two cylindrical shells of height 0.23 m, thickness 1-2 mm, and radius
6.5 or 7.6 cm (determined by operational frequency), centered on the central axis of the
tool (Walsh et al., 2013). For reference, the total VOI of the Dart (~400 cm?, the sum of
the volume of the two shells) is comparable to the low end of the range of VOIs of TDR
and capacitance soil moisture sensors (200-2,000 cm?®) and is 2 to 3 orders of magnitude
smaller than the range provided by neutron probes (34,000-270,000 cm?, Campbell et al.
2022). Estimates of dynamic water storage derived from NMR well logging with the Dart
have been shown to agree with estimates derived from neutron well logging at Rivendell,
despite the differences in volume of investigation between the methods (Schmidt and
Rempe 2020). This agreement suggests that the NMR VOl is larger than the representative
elementary volume for water content at Rivendell. The shallowest logged depth is 1.5 m,

which is within bedrock and below soils in all boreholes. Acquisition parameters are
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identical to those used by Schmidt and Rempe 2020. Each NMR decay curve in the dataset
was acquired with the Carr-Purcell-Meidboom-Gill pulse sequence at two operational
frequencies near 420 and 480 kHz, respectively, with Sixty echoes and an echo spacing of
0.5 ms. These settings result in a measurement duration of 0.3 s. Decay curve data were
stacked 168 times, and each stack was separated by a repolarization time (or wait time) of
0.15 s. Before each campaign, the system was calibrated in a shielded water sample in the
lab. The NMR data were processed using commercial software (JavelinProcess_v4.4 and
JavelinInterpret_v1.8, Vista Clara, Inc.). All stacks, stages, and frequencies associated with
each depth interval were combined, and the resulting NMR decay curve was fit with a
multi-exponential decay function determined via a nonnegative least squares inversion
algorithm with second-order Tikhonov regularization using the default software
regularization factor of 50.

We used data that minimizes reliance on inversion. To estimate 6, rather than use
the value of the multi-exponential fit, we take the average of the first three echoes in the
decay-curve. Decay curve noise level was calculated as the root mean squared of the
residuals of the decay curve and the fit. Decay curve SNR was calculated as the ratio of 6
and noise level. SE is the sum of the decay curve. The SE noise level is the root mean
squared of the residuals of the cumulative sum of the decay curve and the cumulative sum
of the fit. SE SNR is calculated as the ratio of SE and SE noise level. T,,,,; is an output of

the software.
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RESULTS

Data quality

We compare the performance of SE, 6, and T,,, for reflecting water storage
dynamics at our site in Figure 2.1. The acquisition parameters used to collect this NMR
dataset were optimized for water content monitoring (Schmidt and Rempe 2020) and not

for relaxation time analysis. We report the limitations that result from this here.
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Figure 2.1. Time series of (a) the timing of surveys, rainfall, and total solar radiation
measured at the Elder Creek watershed. Comparison (b) of time-lapse 6, SE,
and T,,,,; well logs. Horizontal dashed lines delineate the extent of the root
zone and transmission zone. Colored vertical lines in (a) mark the timing of

the well logs in b and c.

The decay curves in this study have low SNR (Figure 2.2 and 2.3a). The average
SNR of decay-curves is 1.8 + 1.15. Low SNR is due to high noise levels relative to
moisture conditions in the bedrock vadose zone during our study. The average noise level
of decay curves is 0.031 + 0.003, which is close to half the mean 6 signal of 0.06 + 0.04
m3/m?3. The variability of 8 was greater than the variability of noise, therefore SNR is

controlled by water content.

1001
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Decay curve Cumulative
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Figure 2.2. Boxplots of decay curve and cumulative decay curve signal-to-noise ratios for

all measurements in this study.

The SNR of cumulative decay curves is on average about 50% greater than the SNR

of raw decay curves (Figure 2.2 and 2.3b). The average SNR of cumulative decay curves
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iIs 15 + 14. The improvement in SNR of cumulative decay curves can be observed in
Figure 3a and 2.3b. Average SE(t) noise level is 0.2 + 0.1, while average SE signal is
29+ 24.

a) W15: 6.00 m
0.15+

2017-10-08
0.10 —— 2018-03-22

0.051
0.00 7

Amplitude (-)

—0.051

—0.10+

0.00 0.05 0.10 0.15 0.20 025 0.30
Time (s)

o
=

Amplitude (-)
B e

N

0

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Time (s)
c

~

0.006 1

0.004 1

0.002 1

Amplitude (-)

0.000

10-3 10-2 10-1 10°
Relaxation time (s)

53



Figure 2.3. Examples of typical (a) decay curves, (b) cumulative decay curves, and (c)
relaxation time distributions for NMR measurements made at dry (light blue)
and wet (dark blue) conditions. These measurements were obtained in the
same monitoring location in W15. Vertical lines in (c) are the T,,,; values.
The increase in SNR of the cumulative decay curves relative to the unsummed
decay curves can be observed by comparing (a) and (b). Note the shift to faster

relaxation times between wet and dry conditions in (c).

At low 6 (less than ~0.05 m3m3, i.e., at low SNR) T,,,; values tend to increase
(Figure 2.4). Physically, T,,,; should decrease with decreasing 6 in response to air invading
pore centers and the shrinking of wetting layers (Mohnke 2015). By comparison, SE values
decrease with decreasing 6, suggesting that spuriously high T,,,; values at low 8 are an
artifact introduced in the inversion process when SNR is low. T,,,; well logs are severely
affected by these artifacts—particularly in the transmission zone (where 6 values tend to
be perennially low), but also in the root zone when conditions are dry (Figure 2.1). These
artifacts make interpreting T,,,; well logs challenging without further processing. For this
reason, we do not use T,,,; to characterize NMR relaxation times in this study and focus

on SE to characeterize NMR relaxation times instead.
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Figure 2.4. Scatterplots of mean log T, values (T,,,;) as a function of volumetric water
content (6). As water contents values decrease (8 < ~0.05 m3/ m3), T,

values increase, an aphysical artifact resulting from low decay curve SNR.

Many decay curves that were collected in wet conditions are incomplete, i.e., the
NMR signal did not entirely decay to zero by the end of the measurement (0.3 s). This
incompleteness can be seen clearly in cumulative decay-curves, even when it is not obvious
in the unsummed decay curve (Figure 2.3). Incompleteness does not affect the 6 estimate,
but it does result in artificially low SE. This means that many of the SE values in this study,
particularly the highest values, are underestimates of the SE value that would have been
obtained had the measurement duration been longer than 0.3 s.

There is evidence that our SE well logs have increased contrast relative to 8, but
the difference is not qualitatively obviously in time-lapse well logs. Contrast in this context

is the magnitude of change of the measurements (i.e., SE or 6) in response to a change in
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in situ moisture content. The coefficient of variation (CV) is a useful proxy for comparing
the contrast of different monitoring products because it is a standardized measure of
variability, and variability of SE and 6 values is controlled by their sensitivity to changes
in water content. The CV of SE in the root zone, where water content changes are largest
and, therefore, where contrast should be most strongly expressed, is roughly two times
higher than the CV of 8 (Table 1). Higher root zone CV is consistent with SE having higher
contrast than 8. However, this increase in contrast is not obvious in plots of the time-lapse
well logs (Figure 2.1). Presumably, SE contrast would be higher had measurement

durations been longer.

Borehole Root zone 8 CV Root zone SE CV
W15 04 0.7
W14 0.5 1

Table 1. Comparison of root zone volumetric water content (8) and sum of echoes (SE)

contrast, using the coefficient of variation (CV) as a metric.

Timing of groundwater table rise, 8 and SE increase

The temporal dynamics of 6 and SE are generally coupled (see Equation 2.1) such
that a change in 8 is associated with a corresponding change in SE. This is the case for
observations in the root zone, but we note one important exception for transmission zone

observations: in both W14 and W15, when the groundwater table in the borehole is rising,
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we observe a sharp increase in average transmission zone SE (percent change of 128 and
118 for W14 and W15, respectively) without a corresponding large change in average
transmission zone @ (percent change of -51 and 17 for W14 and W15, respectively) (Figure
2.5). Effectively, average transmission zone SE increases before average transmission zone
0 increases during the wet season. This initial increase in average SE happens in W14
earlier than in W15, but in both wells the timing of the initial average SE increase
corresponds with a rising water level in the borehole, which occurs earlier in W14 than in
W15. An increase in SE without a change in 6 implies that T,,, changed without a

detectable change in water volume.
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Figure 2.5. Time-series of average root zone (orange) and transmission zone (blue)
volumetric water content (8) and sum of echoes (SE) in W14 and W15,
superimposed on time-series of the water table in each borehole. Red arrows
indicate when transmission zone 8 and SE changes diverge. Transmission
zone SE increases without a corresponding change in transmission zone SE,
and the timing of this increase coincides with the rising groundwater level.

Bars represent the standard deviation of measurements in the zone.

NMR characteristic curves

To test the hypothesis that root zone and transmission zone NMR characteristic
curves are different, NMR characteristic curves representing the root zone and the
transmission zone were created for measurements in W14 and W15 (Figure 2.6). We make
four key observations regarding these differences. First, root zone NMR characteristic
curves are different from transmission zone NMR characteristic curves. This means the
mean relaxation times in root zone material are different from transmission zone material.
Second, the characteristic curves in both W14 and W15 show a consistent difference
between the root zone and the transmission zone across the two wells. This means that a
similar transition in SE saturation-dependence with depth occurs in two different parts of
the hillslope. Third, the average SE value at a given 8 is lower in the root zone than in the
transmission zone. This means that, in these boreholes, the T,,,, time of root zone material
is lower than the T, value of transmission zone material over the range of water contents
measured in the study. Fourth, the slope of the root zone characteristic curve is lower than

the slope of the transmission zone characteristic curve. This means that for the same change
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in 6, the change in root zone SE is less than the change in transmission zone SE. Therefore,
compared to the root zone, the range of SE in the transmission zone is high relative to the
range in 6. Another consequence is that while the maximum 6 attained in the root zone is
significantly higher than the maximum 6 attained in the transmission zone, maximum root

zone and transmission zone SE are similar.
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Figure 2.6. NMR characteristic curves of the root zone (orange) and transmission zone
(blue). Small markers are individual measurements, large markers are the
average of all measurements in the zone for a well log, and bars are the

standard deviation.
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DI1SCUSSION AND CONCLUSIONS

Weathering extent is associated with shorter mean relaxation times for a given

water content

We confirm our hypothesis that the NMR characteristic curves for the root zone
and transmission zone are different (Figure 2.6). This hypothesis is based on the
expectation that weathering extent influences NMR relaxation times. While very few
studies have explicitly investigated how weathering effects NMR relaxation times, there is
an expectation that changes in mineralogy and pore structure associated with weathering
will impact the NMR response. NMR relaxation times are sensitive to the surface-to-
volume ratio of pore water and to the mineralogy of pore walls via surface relaxivity
(Coates, Xiao, and Prammer 1999; Dunn, Bergman, and LaTorraca 2002; Behroozmand,
Keating, and Auken 2015). Both parameters can be expected to be strongly influenced by
weathering. For example, numerous studies have shown that surface relaxivity increases
with increasing concentration of ferrous oxides (Keating and Knight 2007; Foley,
Farooqui, and Kleinberg 1996; Bryar, Daughney, and Knight 2000; Bryar and Knight 2002;
Keating and Knight 2008, 2010; Falzone and Keating 2016a), and clays (Saidian and
Prasad 2015), both of which are generated by weathering. Likewise, weathering processes
change the size and shape of pores. At Rivendell, both the concentration of ferrous oxides
and the structures of pores have been shown to evolve with weathering/depth (Gu et al.
2020). Therefore, we expect the shallower, more weathered root zone material to generate
NMR characteristic curves that are distinct from the deeper, less weathered transmission

zone. This is confirmed by our results (Figure 2.6), which demonstrates that time-lapse
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borehole NMR measurements of water storage dynamics can be used to infer differences
in the material properties of the bedrock vadose zone driven by weathering.

The vertical differences in our NMR characteristic curves allow us to infer the
effect of weathering on NMR relaxation times. At our site, which is underlain by nearly
vertically dipping turbidite deposits dominated by argillite, vertical changes in material
properties are primarily the consequence of the development of the weathering profile
(whereas at sites underlain by layer-cake geology, bedding may exert a stronger control on
the depth-dependance of material properties). Our NMR characteristic curves (Figure 2.6)
show that, for a given 6, the T,,, of the shallower—and therefore more extensively
weathered—root zone is shorter than in the deeper, fresher transmission zone. From this,
we conclude that weathering processes tend to shorten NMR relaxation components at our
site. A detailed mechanistic explanation for this phenomenon is beyond the scope of this
study. However, we note that a reduction in T,,,, for a given 8 is consistent with an increase
in p, which could plausibly be generated by weathering processes that increase the
concentration of ferrous oxides and secondary clays. Likewise, changes in pore structure
associated with weathering could also contribute to decreased T,,,, but the relationship
between weathering, pore structure, and NMR relaxometry of unsaturated media is not
straightforward. This is because relaxation times are dependent on both pore size and pore
shape, both of which can plausibly change due to weathering, but the dependance of T,
on these parameters can work in opposite directions. For a partially saturated porous media
at a fixed water potential, SE decreases with decreasing pore size, but it increases with
increasing pore angularity (e.g., Costabel and Hiller 2021). Therefore, pore angularity may

play a role in our results, but data are not available to evaluate this. Studies documenting
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the relationship between pore size, pore angularity, and weathering extent are needed to
elucidate whether the pore structure of weathered material is associated with enhanced p
for a given water content.

The agreement in the depth patterns between NMR characteristic curves generated
in W14 and W15 (Figure 2.6) suggests that the same general transitions in material
properties with depth occur in both locations. Drilling has shown that W14 and W15 are
both dominated by argillite with some sandy interbeds located at shallow depths in W15
(Rempe 2016). We therefore we expect similar transitions in material properties with depth

to occur in both locations. This is supported by our characteristic curves (Figure 2.6).

Recharge events and SE dynamics in the transmission zone

Large changes in SE are not accompanied by changes in @ in the transmission zone
when groundwater recharge is occurring (Figure 2.5). Typically, we expect changes in
vadose zone relaxation times to be accompanied by changes in water content because
changing the saturation of pores changes the surface-to-volume ratio of wetting layers
(Mohnke 2015; Hiller and Klitzsch 2018; Costabel and Hiller 2021). This association
between 6 and SE is what is observed between most well logs in this study, and it is why
the NMR characteristic curves in Figure 2.6 are well-approximated by lines (ASE is
proportional to A8). However, in the transmission zone of each borehole, the one survey
that was conducted during the wet season when groundwater recharge was occurring shows
a percent change in mean SE that is more than an order of magnitude larger than the
corresponding percent change in mean 8 (Figure 2.5). It is well documented that at our site

the bedrock vadose zone can transmit pressure rapidly without detectably changing water
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storage (Salve et al., 2012). When water storage increases, an increase in water pressure is
transmitted throughout the bedrock vadose zone. In the transmission zone, this results in a
change in water configuration which could plausibly generate a detectable change in NMR
T,.. An increase in water pressure will necessarily result in a change in 6, but depending
on pore geometry, this change could be small enough to be undetectable to neutron or
NMR. NMR observations in fractured settings could provide constraint on flow and

transport parameterization in model frameworks.

Conclusions

This study presents time-lapse measurements of changes in water content (Chapter
1) and relaxation times (Chapter 2) from borehole NMR measurements made in the
bedrock vadose zone. We summarize the principal conclusions of the study here.

NMR-derived estimates of water content 6,,,,,- (which ranged from 0% to 30%;
mean 6,,,,,, was 2%) were lower than paired estimates independently derived from neutron
measurements 6,,.,,:ron (Which ranged from 20% to 40%; mean 6,,.,tr0n Was 30%) by a
constant value (Figure 1.3 and 1.6). We find that, roughly,

Onmr = Oneutron — 0.2.

We suggest two factors contribute to the offset in water content estimated by the two
methods. First, a certain fraction of true water content is not detectable by the NMR tool
(the water content components with the smallest relaxation times, i.e., the smallest wetting
layers), but all true water content is detectable by the neutron tool. Therefore, we expect
NMR-derived estimates of water content to be a fraction of neutron-derived estimates.

Second, the calibration relation for the neutron tool was developed using sand as the solid
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phase. Therefore, we expect a certain amount of offset between neutron-derived estimates
of “sand-equivalent” water content and true water content in the bedrock vadose zone.

The agreement in slope between 6,,,,,, and 6,,04,¢r0n, SUGQests that NMR is a viable
candidate for developing calibration relationships to convert neutron counts to water
contents. In general, it is difficult to obtain a neutron calibration relationship that generates
accurate estimates of absolute water content (it is much easier to obtain accurate estimates
of water content change) for the entire subsurface, which is heterogenous. Therefore, the
ability to calibrate against NMR measurements made in bedrock in situ is an advantage
unique to borehole NMR.

We show that NMR well logging provides a dependable, repeatable lower-bound
for total water storage capacity. We present NMR-derived estimates of total wet-season
water storage (which range from 250 mm to 1500 mm) in the bedrock vadose zones at our
sites (Figure 1.7).

NMR- and neutron-derived estimates of water content change (A6 estimates
derived from both methods ranged from 0% to 5%; mean A8 was 2%) agree (Figure 1.4
and 1.7). We find that, roughly,

Abpmr = AOneytron:
This agreement is important for establishing the ability for borehole NMR to detect and
accurately measure water content changes in situ in the bedrock vadose zone despite the
small volume of investigation, detectability-limitation, and low signal-to-noise ratio
inherent to the borehole NMR method. Future studies are needed to determine over what

range of subsurface conditions this relationship holds.
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The agreement between NMR- and neutron-derived estimates of water content
change shows that all seasonally exchanged bedrock water storage is detectable by NMR
at our sites. Because water held in the fine-grained bedrock matrix at our sites is not
detectable by our NMR tool, we argue that, because all seasonally exchanged water was
detectable, all seasonally exchanged water must be hosted by fractures. Under that
assumption, our estimates of A6 represent lower bounds on fracture porosity.

Low SNR is the primary challenge to detecting water content changes with
borehole NMR. For water content monitoring, we recommend using a high running
average, especially in dry conditions (water content less than 5%). If the relaxation time
distribution is not important for a particular application, shortening the measurement
duration can increase logging speed without affecting the water content estimation.

We find that the summation of echoes (SE) approach for monitoring water
content and relaxation time changes is particularly useful for time-lapse vadose zone
applications where water contents, and therefore SNR, are inherently low. The
summation of the decay curves in this study resulted in a 50% increase in SNR, and SE
measurements showed a twofold increase in contrast compared to 6 (Figure 2.2). Unlike
T,y measurements, which were aphysically high at water contents less than ~5%, SE
measurements are not derived from the inversion-derived relaxation time distribution and
therefore are not afflicted by inversion artifacts associated with low SNR (Figure 2.4).
The SE approach provides a fast, convenient, and robust method for characterizing water
content and relaxation time changes. With longer measurement durations and decay
curves with higher SNR than were used in this study, we anticipate that the advantages of

SE would be even more pronounced.
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We show evidence that SE is sensitive to the kinematic transmission of pressure
associated with recharge events (Figure 2.5). During a winter recharge event, we observed
a percent change in average transmission zone SE that was more than two orders of
magnitude larger than the attendant percent change in 8. This implies a reconfiguration of
pore-water without a change in water content. Future studies are needed to elucidate this
phenomenon.

2

We demonstrate that “NMR characteristic curves,” which show the functional
relationship between NMR relaxation times and water content, can be used to infer
differences in material properties. Root zone and transmission zone measurements produce
distinct NMR characteristic curves (Figure 2.6). We expected this result due to the known
differences in weathering extent between the root zone and the transmission zone. Bedrock
weathering affects relaxation times by changing the size, shape, and surface relaxivity of
pores. With independent measurements of surface relaxivity or water potential, and with
NMR measurements with higher SNR than obtained in this study, NMR characteristic
curves could be used to parameterize the water retention function of deep vadose zones
composed of bedrock.

We find that bedrock weathering extent is associated with faster relaxation times
(Figure 2.6). For the same water content, average transmission zone SE is higher (slower
relaxation times) than average root zone SE (faster relaxation times). In wet conditions, we
observed a mean transmission zone SE that was eight times higher than mean root zone
SE. We attribute the faster relaxation times in the root zone to the higher concentration of

clays and oxides present in that region due to more extensive weathering. Future work is

required to determine whether the effect of weathering on pore shape contributes to faster
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relaxation times. Based on our findings, we hypothesize that, like soil-water characteristic
curves, NMR characteristic curves are related to permeability: we expect that low
permeability materials, such as clays, will generally exhibit faster relaxation times than
high permeability materials, such as sands, for the same water content. Future studies are
needed to confirm this hypothesis, but if it proves to be true, then NMR monitoring in the
vadose zone provides a means for rapidly evaluating the relative permeability of subsurface
materials in situ.

The work presented here establishes borehole NMR well logging as a viable
method for in situ vadose zone monitoring and characterization. We anticipate that NMR
systems will be increasingly applied to vadose zone hydrogeologic problems, particularly

in thinly soiled catchments underlain by a thick vadose zone composed of bedrock.
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