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Introduction
Nuclear Magnetic Resonance (NMR) is a powerful technology 
for groundwater investigations, leveraging the same physics as 
medical MRI imaging to directly detect water and characterize 
subsurface hydrogeologic parameters.  In geophysics, surface 
NMR methods can be used to non-invasively map groundwater 
aquifers and borehole logging NMR tools can be used to 
obtain high-resolution estimates of hydrogeologic properties 
downhole.  These technologies provide valuable data for water 
resources, environmental, mining, and geotechnical projects.  
Here we consider recent uses of NMR as a tool to support 
managed aquifer recharge (MAR). 

We begin with an overview of NMR geophysical methods and 
the petrophysical link between the measured NMR signal 
and desired hydrogeologic parameters. Considering both 
borehole and surface NMR examples, we summarize three 
case studies where NMR geophysics has been used to provide 
information for municipal MAR projects. These studies are 
selected to illustrate the use of NMR at various stages of MAR 
projects including exploratory characterization, infrastructure 
installation, and facility maintenance. 

NMR Geophysics
Both medical MRI and NMR geophysics interrogate the 
response of hydrogen nuclei to magnetic field perturbations. 
In an MRI, a super conducting magnet is used to polarize 
hydrogen in biological tissue.  Coils excite the hydrogen, with 
alternating magnetic fields, and then measure the resonant 
NMR response emitted by the hydrogen. In NMR geophysics, 
we excite and record the same response from hydrogen in 
subsurface pore fluids.  A borehole NMR logging tool contains 
permanent magnets, which polarize the surrounding fluids, 

and one or more coils, which excite and record NMR signal 
from a thin slice of the formation. In surface NMR, the Earth’s 
magnetic field serves to polarize the groundwater and one or 
more large induction coils are used to excite and vertically 
resolve groundwater from the surface to depths of 150m.

The unique advantage of NMR methods is that they directly 
detect groundwater and so can resolve ambiguity associated 
with other geophysical methods. Indirect methods, such as 
resistivity, measure physical properties that cannot be uniquely 
interpreted in terms of hydrogeologic conditions (e.g. a low 
permeability clay may have the same resistivity as a high 
permeability brackish aquifer). A schematic illustration of the 
more direct link between the NMR signal and hydrogeologic 
properties is shown in Figure 1. Following excitation, the 
NMR signal has an initial amplitude and decays over time 
as the hydrogen relax to equilibrium. The initial amplitude of 
the NMR signal is linearly proportional to the total number of 
pore-fluid hydrogen detected, and thus the total fluid volume.  
In the unsaturated zone, the total fluid volume is equivalent to 
the volumetric soil moisture, and in the saturated zone, it is 
equivalent to the total porosity.

The decay time of the NMR signal reflects relaxation processes 
that occur as water molecules diffuse in the pore space and 
interact with grain surfaces.  In small pores, water molecules 
interact with grain surfaces more frequently and the relaxation 
time (T2) is shorter; in larger pores, interactions are less frequent 
and T2 is longer. In formations with a distribution of pore 
sizes, the NMR signal will have multiple decay times and the 
signal can be fit to derive a relaxation time distribution. This 
relaxation time distribution is interpreted as a relative pore size 
distribution, with short decay times indicating smaller pores and 
longer decay times indicating larger pores. The total area of the 
distribution reflects the total fluid volume and the distribution is 
typically subdivided using cutoff times to classify the long-T2 
component as mobile fluid volume and shorter-T2 components 
as bound fluid volume. The bound fluid volume is commonly 
subdivided to classify the shortest signals as “clay-bound” 
and slightly longer signals as “capillary-bound.” Estimates of 
hydraulic conductivity are derived using analytical models (e.g. 
Kozeny Carmen) and empirical relationships that link porosity 
and pore size to permeability and have been shown to be useful 
in both consolidated rock and unconsolidated sediments [e.g. 
Kenyon et al. 1988, Dlubac et al. 2013, Knight et al. 2016]. 
Typically these NMR-permeability estimators assume different 
calibration constants based on lithology and are sometimes 
calibrated locally by comparison with hydrogeologic testing.

Figure 1 – A schematic illustration of the NMR signal and petrophysical relationship 
to hydrogeologic properties. 
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Geophysical Logging for MAR 
Planning (Denver, CO)
The City of and County of Denver (CCOD) is experiencing rapid 
population growth, and with that, increasing demand on water 
resources.  Historically, the CCOD has relied predominately on 
surface water for municipal service but the long-term sustainability 
of surface supplies is uncertain.  While some cities have a forced 
reliance on surface water, Denver is underlain by a laterally 
expansive aquifer system. The Denver Basin hydrostratigraphy 
includes the Dawson Aquifer, Denver Aquifer, Arapahoe Aquifer, 
and the Laramie-Fox Hills Aquifer.  These aquifers generally slope 
off the flanks of the Rocky Mountains, dipping to the east and 
flattening in the center of the basin.

Over the last several years, the water utility Denver Water has 
considered incorporating a scheme of managed aquifer recharge.  
The practice of MAR makes sense for Denver, given the overall 
dry climate and seasonal peaks in runoff. But while the Denver 
Basin aquifer system extends throughout the Denver Metropolitan 
Area, there has been limited mapping and characterization of 

Figure 2 – Geophysical logs for two boreholes in the Denver Water MAR exploration project located toward the “west” and “east” margins of the project. From left, logs 
show gamma ray, normal resistivity, NMR porosity (clay, bound, mobile) and NMR permeability estimates from SDR and SOE equations. 

the aquifers within the county. Recognizing the scarcity of 
existing hydrogeologic data to inform a MAR design, Denver 
Water and Leonard Rice Engineers pursued a major drilling and 
characterization campaign in 2015.

The budget for this campaign would only have allowed the 
expense of one or two locations for deep well installations and 
aquifer tests. Preferring data that covered more locations and 
captured the heterogeneity of the aquifer system, the team chose 
instead to drill lower-cost exploratory holes, foregoing pumping 
tests and acquiring detailed borehole geophysics instead.  With 
this approach, the project was able to support drilling of eight 
boreholes with depths up to 2000 ft. 

The inclusion of borehole NMR data was key to the viability of this 
approach, allowing direct measurement of porosity and variations 
in permeability throughout the borehole profiles. During drilling, 
lithology observations from recovered cuttings were extremely 
difficult to interpret given the heterogeneous nature of the aquifer 
systems; even the basic geometry of the aquifers was difficult 
to discern in the initial boreholes. The NMR data, on the other 
hand, immediately revealed the aquifer structure and overall 
hydrostratigraphy.

Figure 2L Figure 2R
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As an example, NMR data from two of the holes intersecting the 
Arapahoe Formation are shown in Figure 2L and 2R along with 
normal resistivity and gamma logs. The NMR data were acquired 
using the Javelin® JP350 system (Vista Clara, Inc.) which operates 
at multiple diameters of investigation (DOI), with a maximum DOI 
of 15 inches. Comparison of data from multiple DOIs provided 
quality assurance confirming measurements were not affected 
by drilling disturbance (mud invasion or borehole washout) in the 
9 inch borehole.

Within aquifer zones, which generally correlate with decreased 
gamma counts and increased resistivity, the NMR results show 
increased permeability and mobile water and provide quantified 
estimates of hydrogeologic parameters. The NMR porosity logs 
are classified using literature cutoff values of mobile water > 
33ms (blue), capillary water <33ms (purple), and clay <3ms 
(green). Hydraulic conductivity (K) values were estimated using 
the Schlumberger Doll Research (SDR) equation [Kenyon et al. 
1988] and Squared-Sum of Echoes (SOE) equation [Walsh et al, 
2010] with “semi-consolidated” calibration coefficients for the 
high-plains aquifer [Dlubac et al., 2013]. 

The range of NMR-estimated K values in the aquifer are in-line 
with those from literature in the broader Denver Basin (0.5-5 
ft/day, [Paschke, 2011]), but most importantly the NMR data 
reveal the complex variations in K at very high-resolution within 
the borehole profiles and between boreholes. The two holes 
shown, which intersect the Arapahoe Formation, are separated 
laterally by around 5 miles. Elevation-aligned profiles in Figure 3 
show that the Arapahoe is highly heterogeneous both in depth 

and laterally. In the “west” hole, it is the upper section of the 
Arapahoe that is most permeable, and the lower Arapahoe 
shows limited high-K zones. To the “east”, it is the lower portion 
of the Arapahoe that shows the thickest and highest-K zones.  
This information is key to evaluating and optimizing the MAR 
schemes under consideration.

The NMR-derived mobile porosity estimates are also of great 
interest as they may be valuable for groundwater management 
in the context of Colorado water rights adjudication. Water 
allocations and new wells are evaluated based on mapped 
aquifer stratigraphy combined with estimates of effective 
porosity to define the resource volume.  Historically, data used 
to quantify effective porosity have been questionable, and in 
some cases the total porosity measured from cores has been 
submitted to the state as the effective porosity, resulting in 
overestimation of the resource.  NMR measurements provide an 
opportunity to more systematically determine effective porosity 
and support a regulatory framework.

NMR Logging of MAR Injection 
Wells (Phoenix, AZ)
Over the past several years, the City of Phoenix Water Services 
Department has undertaken a major program to revamp the 
city’s existing well infrastructure. Most recently, the department 
has begun installing and operating large-diameter injection wells 
to recharge the local aquifer with seasonally available surplus 
surface water. While groundwater is an important resource for 
Phoenix, the local Salt River Valley Alluvial Formations have 
only modest productivity, with frequent occurrences of low 
porosity, poor sorting, and variable cementation.

For a new injection well, the costs of drilling are very high, as 
are the costs of zonal sampling for hydrogeologic and water 
chemistry testing. But in fact, the greatest cost is in the final 
development, construction, and completion of the well.  With 
very high cost decisions on the line, it is critical for engineers to 
be able to assess formation productivity, and target sampling, 
to correctly identify how a new well should be completed, or 
even to determine if it should be abandoned.

With these real-time characterization needs in mind, the city 
decided to include open hole NMR logging on their most recent 
MAR injection well to obtain continuous and immediate profiling 
of aquifer properties.  The well was approximately 1400 ft deep 
and was drilled with a nominal diameter of around 13 inches. A 
large diameter was required to accommodate materials for zonal 
sampling and to allow economical reaming to the final diameter 
of 28 inches. The open hole was logging with the Javelin® 
Wireline JP525 system (Vista Clara, Inc.). This system operates 
on standard 4-core wireline cable and has four diameters of 
investigation, the largest of which is greater than 21 inches. 

The NMR log from the aquifer zone of the Phoenix hole is 
shown in Figure 4. The QA/QC process allows comparison 
of all four DOI shells. For this well, drilled by mud rotary, Figure 3 – Elevation aligned profiles showing NMR logs for the two holes in the 

Denver Water MAR exploration project.
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the two inner shells (<16-inch DOI) were found to be partly 
compromised by mud invasion, while the outer two shells 
showed no radial variation or evidence of disturbance. As 
such, this result integrated data only from the outer two shells. 
The NMR-derived K estimates (black = SDR, red = SOE) were 
derived using coefficients for semi-consolidated formations 
[Dlubac et al., 2013] and are directly compared with values 
from zonal sampling slug tests (green lines). 

A total of seven intervals were selected for zonal sampling, 
involving temporary screen installations 30 ft in length for slug 
tests and water quality assessment. Within the slug test intervals, 
the NMR K estimates are in substantial agreement, but unlike the 
continuous NMR log, zonal sampling intervals represent only a 

fraction of the total well extent. To inform expensive completion 
decisions, engineers modeled and upscaled the limited slug 
test data, to predict a total production rate of 335 gpm at 100 
ft drawdown. The continuous NMR data indicated more than 
double the production rate, 870 gpm. 

Based on the low production estimates from the slug tests, 
a decision to abandon the well was strongly considered. 
Ultimately, the team decided to complete the well, in part based 
on the higher productivity estimates from the NMR results and 
zones of high K anomalies indicated in the NMR data that were 
skipped by zonal sampling.  Upon completion, continuous rate 
aquifer tests found an actual productivity of 1095 gpm, more 
than 3 times the slug test estimates and within 20% of the NMR 
estimates.  While the NMR data do not directly measure K, it 
is likely that NMR provided better prediction given continuous 
sampling that is not subject to the sample bias of sparsely 
distributed slug tests.

For future well installations, engineers are considering using 
NMR data more actively to select zonal sampling intervals. 
Picking zones in this way would allow informed sampling of 
hydrogeologic anomalies and more comprehensive assessment 
of flow variations across the borehole. While zonal fluid 
sampling is required to assess chemistry, with increased 
confidence in the NMR data the number of zonal sampling 
intervals could be reduced, saving substantial cost while 
maintaining necessary characterization accuracy and providing 
continuous hydrogeologic profiles over which to mass balance 
total dissolved solids.

Surface NMR Monitoring at 
Active MAR Infiltration Basins 
(Tucson, AZ)
The city of Tucson, Arizona has been implementing large-
scale managed aquifer recharge for more than a decade.  The 
Southern Arva Valley Storage and Recovery Project (SAVSARP) 
has developed nine engineered infiltration basins spanning a total 
of 226 acres.  Tucson uses a portion of its Colorado River water 
allocation to periodically flood the SAVSARP basins and recharge 
the underlying aquifer system.

The SAVSARP project is challenged to increase infiltration rates 
so that a larger portion of the water allocation can be utilized for 
recharge.  Infiltration rates are variable across the basin and change 
over time. The hydrostratigraphy below the basins has not been 
extensively characterized and there have been questions as to 
whether infiltration is limited by shallow accumulation of fines, or 
by deeper structures. 

In order to monitor and characterize one of these basins, Vista 
Clara and the University of Arizona acquired surface NMR 
measurements over a seven-week period, before, during, and 
after basin flooding. The multi-channel GMR system (Vista 
Clara, Inc.) was used for all measurements. Throughout the 
experiment, surface loops were temporarily installed and left 

Figure 4 – NMR log for the aquifer interval of the Phoenix MAR injection well. At left, 
NMR porosity (clay, bound, mobile) and at right, NMR permeability estimates from 
SDR and SOE equations
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in place on the basin floor, as shown in Figure 5. Loops in a 
figure-8 shape and noise reference coils were used to mitigate 
environmental noise from industrial powerlines less than 150m 
away along the edge of the basin. Measurements conducted 
prior to infiltration show the importance of noise cancellation 
with very small signals observed in the processed data (red) 
that would have been indistinguishable from the noise in the 
raw signal (blue). After infiltration, the NMR signals dramatically 
increase as saturation increases with the recharge front.

Insights into the subsurface structure and controls on infiltration 
can be gained by analyzing inverted depth profiles over the 
course of the infiltration event as shown in Figure 6. At left, 
total water content profiles show the migration of the infiltration 
pulse following pond flooding and at right the full relaxation time 
distributions are shown.  It is important to note that on March 29, 
the pond is filled with approximately 4 feet of water and this huge 
volume of free water introduces some subsurface artefacts.

The local water table is more than 60m deep and before infiltration, 
the basin had been dry for three months.  Nonetheless, vadose 
zone water was detected, particularly within an interval centered 
around 15m depth.  This vadose zone water exhibited a very 
short decay time implying the water was associated with finer 
sediments that do not drain quickly.  Skipping the March 29 
dataset when the inversion is overwhelmed by surface water 
signals, the first measurements in the drained basin, post 
infiltration, show an infiltration slug that has migrated to 15 
meters. The increase in relaxation times from 5-15 meters 
indicates the water is filling larger pore spaces in this interval.  
One week later, saturation levels below 15 meters have not 

significantly increased, and the shallower sediments have 
started to drain, implying vertical flow is impeded at 15m and 
water is moving laterally. This trend continues two weeks later, 
and as water continues to drain at shallow depths, relaxation 
times decrease, indicating water is retained only in smaller pore 
spaces.

From a management standpoint, these data imply the presence 
of a low permeability zone at 15 m. The zone appears to 
retain capillary water between infiltration events and impedes 
vertical flow during infiltration. If infiltration is in fact impeded 
by deep structures, tillage of shallow sediments is unlikely to be 
sufficient to increase infiltration rates. Recent development of 
rapid scanning surface NMR techniques would allow mapping 
of these structures across the basin area to inspect lateral 
variability [Grunewald et al. 2018].

Conclusions
Successful design, implementation, and maintenance of 
managed aquifer recharge projects requires tools to characterize 
subsurface hydrogeologic parameters. As these case studies 
show, NMR is distinguished from other geophysical methods in 
its ability to directly measure groundwater and the pore-scale 
environment as it relates to flow and storage. Both surface NMR 
and borehole NMR can contribute valuable information for MAR 
projects. With sensitivity in the upper few hundred feet, surface 
NMR is a useful tool for investigating infiltration-based recharge. 
For MAR injection wells, production wells, and drilling studies, 
borehole NMR offers higher precision and higher resolution 
data to facilitate cost savings and improved decision making 
in these critical projects. 
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