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As the National Academy of Engineering celebrates
250 years of engineering innovation, natural resource
engineering provides a compelling perspective on how
advances in characterization, extraction, and processing
have transformed society’s ability to access and sustain
the resources that underpin modern civilization. Virtual-
ly every aspect of today’s society depends on access to and
management of Earth’s natural resources—energy from
fossil, geothermal, hydropower, nuclear, and biomass-
based strategies; minerals that underpin infrastructure,
transportation, electronics, and agriculture; and water,
soil, and ecological systems that sustain food production
and enable clean water supply. These vital resources all
form the foundation of contemporary society.

In over a little more than a century, engineering
innovations have transformed our ability to character-
ize, extract, and process these resources, expanding what
is considered economically and technically accessible.
This article highlights several of the most consequential
innovations: characterization technologies that enable
water resource management and subsurface energy dis-
covery; horizontal drilling and hydraulic fracturing,
which have enabled extraction of previously inacces-
sible oil and gas resources and reshaped US energy pro-
duction; and froth flotation, a processing innovation
that has enabled the recovery of low-grade and complex
mineral ores. Together, these advances illustrate how
engineering has continually expanded the resource base
available to society.

Today, the context for natural resource engineering
is shifting. Population growth, environmental change,
and uneven resource distribution are placing increasing
pressure on supply. At the same time, efforts to expand
access to one resource often affect the availability or qual-
ity of others. The central challenge is no longer simply to
access select resources, but to do so in ways that ensure
the long-term sustainability of the many natural resources
on which society depends. This dual imperative of uti-
lization and stewardship will become even more impor-
tant as humanity begins to consider the use of resources
beyond Earth. Meeting this challenge will define the next
era of natural resource engineering.

Resource Characterization: Water Resources and
Subsurface Energy Systems

Robust characterization of Earth resources is the first step
in transforming natural resources into usable systems.
Over more than a century, several transformative charac-
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terization technologies have fundamentally changed our
ability to observe, quantify, and manage natural resourc-
es associated with surface and subsurface Earth systems.
Here, we discuss three technologies and their impacts:
stream gages, satellite remote sensing, and seismic reflec-
tion imaging approaches.

Stream Gage and Satellite Remote Sensing Approaches to
Monitor Water Resources

The second director of the US Geological Survey
(USGS), John Wesley Powell, believed that understand-
ing water flow was the only way to successfully settle the
arid American West (Gunn et al. 2014; Brown 2015).
In 1888, USGS employee Frederick H. Newell estab-
lished a training camp at Embudo, New Mexico, along-
side the Rio Grande River, where a team of students
developed the first systematic methods for measuring
streamflow. Early approaches (such as float-based still-
ing wells) enabled continuous measurement of river
stage but proved unreliable due to sedimentation, chan-
nel instability, freezing, and debris. In response, Newell
and his students adapted and improved current meter
technologies, introducing innovations such as miniatur-
ized instruments for shallow, fast-moving rivers, audible
mechanisms for operation in turbid water, and rigid
mounting systems to stabilize measurements in mobile
riverbeds. These advances established the foundation
for modern stream gaging.

In 1889, the USGS installed the first US streamflow
gaging station at a site near Embudo, establishing a foun-
dation for what has grown into a national network of
streamflow gages (Figure 1). This network now includes
more than 8,700 additional USGS gages, with more gag-
es operated by federal, state, local, and private agencies.
This national network of gages provides crucial data for
engineering design and operation of irrigation, munici-
pal, and industrial water supplies—for flood control,
hydropower and transportation, scientific and engineer-
ing research, and increasingly for environmental manage-
ment. Critically, long-term US stream gage methods (40
of which have records exceeding a century) provide the
baseline needed to detect variability, trends, and change
in hydrologic systems, making them indispensable for
both engineering applications and scientific understand-
ing of water resources.

In recent decades, important satellite-based approach-
es have complemented our freshwater-monitoring capa-
bilities, serving to extend monitoring of terrestrial
surface waters across all continents and filling in spatial
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FIGURE 1 (Top) Stream gages in the USGS national streamflow monitoring network as of 2025; (bottom) the historical growth of the

number of gages since 1888 (USGS n.d.).

gaps associated with the in-situ stream gage monitoring
networks. For example, since 2023, NASA’s Surface
Water-Oceanic Topography (SWOT) satellite mission,
which uses radar interferometry to measure the height
of water surfaces from space, provides high-resolution
measurements of water surface elevation and extent
across rivers, lakes, and wetlands globally. The Soil Mois-
ture Active Passive (SMAP) mission, launched in 2015
to measure microwave emissions from the land surface,
monitors soil-moisture fluctuations in the top 5 centime-
ters of land surfaces globally every two to three days. And
since 2002, the Gravity Recovery and Climate Experi-
ment (GRACE) missions have provided the basis for
monitoring overall (surface and subsurface) changes in
the volumes of water globally through measuring varia-
tions in the Earth’s gravity field.

The integration of long-standing in-situ gage networks
with modern satellite observations is fundamentally trans-
forming our ability to monitor, understand, and manage
freshwater resources and the water cycle. This combined
system provides both the temporal depth and spatial
coverage needed to support decision-making at local to
global scales—particularly as water demands intensify and
hydrologic extremes become more frequent and severe.

Seismic Reflection Imaging for Characterizing

Subsurface Resources

The seismic reflection method is a quantitative, physics-
based characterization approach that provides informa-
tion about the structure and properties below the Earth’s
surface. The method has fundamentally changed how
subsurface systems are characterized, developed, and man-
aged—transforming subsurface engineering from a field
that was originally primarily reliant on sparse wellbore
information and inferred from geology. This advance
enabled dramatically more reliable decision-making for
energy production, mining, and environmental steward-
ship strategies, which in turn led to substantial economic,
environmental, and safety benefits.

The origins of seismic reflection are closely tied to
advances developed during World War I. During the war,
arrays of microphones and signals from ground-based
sensors were used with triangulation to locate enemy
artillery. Building on these advances, a conceptual pivot
occurred in the early 1920s, when J. Clarence Karcher’s
pioneering experiments demonstrated that travel times
of elastic waves reflected from subsurface impedance
discontinuities could be used to infer geologic structure.
Because such images revealed features (such as geological
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folds and faults) that form hydrocarbon traps, seismic
reflection quickly became a powerful tool for guiding
drilling. By the 1930s, seismic reflection had emerged as
the dominant method to guide oil and gas exploration.

A second major inflection point occurred in the 1960s
with the advance of digital recording and computing. The
introduction of digital signal processing transformed
seismic reflection from an analog imaging technique
into a quantitative, high-resolution subsurface character-
ization tool (Robinson and Treitel 1980). Foundational
advances (such as common midpoint stacking, predic-
tive deconvolution, migration, and seismic inversion)
enabled improved signal-to-noise ratios, more accurate
positioning of subsurface reflectors, and estimation of
rock and fluid properties from the recorded waveforms.
Subsequent advances, including three-dimensional and
time-lapse seismic imaging, allowed increasingly complex
subsurface geometries to be resolved and monitored
over time. By the 1990s, seismic reflection had become
an indispensable tool for reservoir characterization and
management worldwide (Sheriff and Geldart 1995). The
economic impact of seismic-enabled hydrocarbon explo-
ration and production has been immense, supporting a
global petroleum system whose cumulative gross resource
value is widely estimated to be on the order of tens to over
one hundred trillion US dollars (BP 2023; IEA 2022)

Beyond hydrocarbons, the method has also played a
critical role in the engineering of a wide range of other
subsurface strategies. In geothermal applications, seismic
reflection is used to gather images of subsurface faults
and fracture networks that control fluid flow, support-
ing reservoir characterization and enhanced geothermal
system engineering aimed at creating permeability. For
geological carbon storage strategies, seismic methods are
used to characterize subsurface storage reservoirs, assess
caprock integrity, and monitor the migration and con-
tainment of injected carbon dioxide plumes over time.
Similarly, seismic imaging contributes to site character-
ization and long-term monitoring for subsurface nuclear
waste storage and to image deep and structurally complex
ore systems in mining applications.

In summary, over the past century, seismic reflection
has evolved from a novel geophysical technique into a
cornerstone of subsurface engineering. With continued
advances in high-performance computing and artificial
intelligence—and the need to simultaneously protect and
utilize Earth resources through precision subsurface engi-
neering—seismic reflection is expected to remain an inte-
gral method for natural resource management.
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Resource Extraction: Unconventional Hydrocarbons
Extraction technologies translate characterized resources
into accessible energy systems. For over a century, the
petroleum industry operated under a relatively static geo-
logical paradigm. Exploration and production focused on
conventional reservoirs—porous and permeable rock for-
mations into which hydrocarbons had naturally migrated
from deeper, organic-rich source rocks. Because these
reservoir rocks possessed sufficient permeability, vertical
drilling was the standard, allowing oil and gas to flow
naturally into the wellbore once a pressure differential
was established. However, as these conventional targets
matured, the engineering challenge shifted toward the
source rocks themselves. Primarily composed of shale,
these formations contain vast quantities of hydrocarbons
but possess extremely low permeability, effectively trap-
ping the hydrocarbons within nanometer-scale pores.
The transition to extracting resources directly from these
“tight” formations was made possible by the integration
of two distinct technological breakthroughs: horizontal
drilling and multi-stage hydraulic fracturing.

Seismic reflection has evolved
from a novel geophysical
technique into a cornerstone of
subsurface engineering.

The first commercially viable, large-scale application of
horizontal drilling combined with high-volume hydrau-
lic fracturing in an unconventional shale reservoir was
demonstrated by Mitchell Energy in the Barnett Shale
of Texas in the late 1990s (Biglarbigi et al. 2000). This
relatively recent achievement fundamentally altered the
economic and operational landscape of the industry,
transitioning what was once considered “unconven-
tional” into the dominant practice. Today, approximately
90% of onshore wells drilled in North America are hori-
zontal. This shift necessitated a massive adaptation of
drilling rigs and downhole technology. Engineers devel-
oped advanced drill bits, high-torque mud motors, and
sophisticated casing and cementing procedures to handle
the unique stresses of horizontal wellbores. Furthermore,
the implementation of “pad drilling” (where multiple
wells are drilled from a single surface location) and batch
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operations have drastically reduced rig move times, opti-
mized completion crew efficiency, and significantly low-
ered the overall cost per barrel of oil equivalent.

The success of the
unconventional revolution
serves as a testament to
the power of integrated
engineering solutions in
overcoming geological
limitations.

Achieving the precision required to steer a drill bit
through a specific geological interval several thousand
feet underground relies on a sophisticated feedback loop
of real-time data (Ahmed and Meehan 2016). Horizontal
wells require constant monitoring of survey data and geo-
physical properties to ensure the wellbore remains within
the target “pay zone.” This is primarily achieved through
mud-pulse telemetry (MPT), a system where a downhole
measurement tool translates data into pressure pulses
sent through the drilling fluid to the surface. This tech-
nology is often paired with logging-while-drilling (LW D)
sensors, which measure near-bit formation properties
such as gamma radiation and resistivity. As the industry
moved toward longer horizontal sections (often referred
to as laterals), managing mechanical friction and wellbore
tortuosity became critical. To address this, rotary steer-
able systems (RSS) were developed, allowing the entire
drill string to rotate while the bit is steered, which mini-
mizes drag and simplifies the subsequent installation of
casing and completion hardware.

Once the drilling phase is complete, the lateral must
be stimulated to create the permeability necessary for
production. While the first deliberate hydraulic fractur-
ing operations occurred as eatly as 1947 in the Hugoton
natural gas field (spanning parts of Kansas, Oklahoma,
and Texas), modern techniques have become vastly more
complex. Multi-stage fracturing involves dividing the long
horizontal lateral into isolated segments that are treated
individually. A common method involves the “plug-and-
perf” (PnP) sequence: a section of cemented casing is
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perforated with explosive charges, the fracture treatment
is pumped at high pressure, and a temporary plug is set
to isolate that stage before the process is repeated toward
the wellhead. Modern wells often feature laterals stretch-
ing two to three kilometers in length, consisting of 50 or
more individual fracturing stages. This process results in
hundreds of discrete hydraulic fractures per well, creating
a massive, interconnected network of artificial permeabil-
ity (Zoback and Kohli 2019).

The chemistry of the fracturing fluid is engineered spe-
cifically for the target formation’s mineralogy. Slickwater
fracturing, which utilizes high volumes of water treated
with friction-reducing agents, has become prominent due
to its ability to be pumped at high rates, enhancing the
complexity of the fracture network. To ensure these frac-
tures remain open once the pumping pressure is released, a
proppant (typically specialized silica sand or high-strength
ceramic beads) is mixed with the fluid to “prop” the cracks
open and provide a conductive path for hydrocarbons. In
scenarios where higher viscosity is required to transport
heavier proppant or where specific geological conditions
demand it, gelled fluids or hybrid applications are utilized.
These engineering refinements have turned the United
States into the world’s leading oil and gas producer and
the largest exporter of liquefied natural gas.

The global impact of these engineering advancements
has been substantial. The ability to unlock unconven-
tional reservoirs has fundamentally reordered the energy
security of nations, with horizontal drilling and hydrau-
lic fracturing now being deployed in China, Argentina,
Canada, and various regions across the Middle East. As
the industry continues to evolve, the focus remains on
enhancing operational efficiency and reducing the envi-
ronmental footprint of these operations. The success of
the unconventional revolution serves as a testament to
the power of integrated engineering solutions in overcom-
ing geological limitations.

Resource Processing: Froth Flotation for

Mineral Separation

All raw materials fundamental to modern industrial
economies, and indeed to human existence, are ultimately
derived from either agriculture or mining. Even agricultur-
al productivity is inherently tied to the mineral industry,
as essential fertilizers depend on the extraction of specific
mineral components. While the United States was histori-
cally endowed with vast natural resources, many minerals
and metals are now classified as critical to national energy
supply and economic security (USGS 2025). As high-grade
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deposits are depleted, the industry is forced to process
increasingly “leaner” ores. For example, the average grade
of copper ore currently being processed is approximately
0.5%, half of what was standard in the 1940s. These con-
temporary deposits often exhibit complex mineralogy that
is technically challenging to process; without the develop-
ment of froth flotation, the commodities essential to mod-
ern life would be prohibitively expensive.

Processing technologies ultimately determine the effi-
ciency and viability of resource utilization. Historically,
mineral beneficiation—the process of separating valuable
minerals from waste rock, or “gangue’—relied almost
exclusively on gravity separation. This method exploited
the differences in density between the target minerals
and the surrounding waste. However, by the late 19th
century, the surge in industrial demand for metals like
copper, lead, and zinc, coupled with rapid population
growth, necessitated the exploitation of lower-grade, fine-
ly disseminated ores. Despite significant advancements
in mechanical crushing, grinding, and traditional gravity
separation, these methods proved inefficient for captur-
ing fine particles, resulting in unacceptable loss levels.
This technical limitation created an urgent industrial
requirement for more efficient separation technologies
capable of processing fine-grained mineral inputs.

The conceptual origins of flotation trace back to the late
19th century, when researchers in England and Germany
observed that sulfide minerals exhibited a preferential

affinity for oils and fats, causing them to float on water.
By 1897, a commercial process utilizing oil to agglomer-
ate and “float” sulfide mineral particles was successfully
implemented in Wales (Almond 2000). Early iterations
of this technology utilized carbon dioxide bubbles, gener-
ated through the acidification of heated pulps, to lift these
mineral-oil agglomerates to the surface (Fuerstenau 2007).
However, the birth of modern froth flotation was truly
marked by the introduction of mechanical aeration. This
engineering shift utilized compressed air and a mechani-
cal impeller to generate the consistent air-bubble stream
necessary for high-throughput industrial applications.

The integration of froth flotation into the American
industrial landscape began in 1911, with the construc-
tion of the first domestic concentrating plant in Butte,
Montana, by James M. Hyde. This technological leap was
not without significant legal hurdles, sparking protract-
ed, ultimately successful, patent infringement lawsuits by
Minerals Separation Ltd. of the United Kingdom, which
had pioneered bulk flotation in Australia. Despite these
legal complexities, the operational advantages of the pro-
cess were undeniable. By 1915, froth flotation was select-
ed as a cornerstone component for the 15,000 ton-per-day
concentrating mill at Inspiration, Arizona. This marked
the definitive transition of flotation from an experimen-
tal technique to an essential industrial standard, mirror-
ing the later revolutionary impact of horizontal drilling
in the energy sector.
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The commercial success of froth flotation has cata-
lyzed a century of rigorous inquiry into the fundamen-
tal engineering and physical sciences governing mineral
separation. Originally developed for sulfide ores, the
process has expanded to include complex non-sulfide
minerals and coal, driven by the industry’s need to
enhance recovery rates while simultaneously reduc-
ing operational overhead. Thomas A. Rickard (1921)
published much of the early technical flotation history,
allowing many researchers to define the science behind
the art and to optimize the process characterized by a
high degree of parametric complexity. The interplay
between fluid dynamics and interfacial chemistry
remains one of the most challenging engineering puzzles
in modern extractive metallurgy.

Effective froth flotation is fundamentally an exercise in
manipulating the surface wettability of mineral particles
within an aqueous suspension of ground ore (Figure 2).
The process exploits the physical divergence between
hydrophobic (water-repelling) and hydrophilic (water-
loving) surfaces. While certain minerals, such as sulfides,
possess a natural degree of hydrophobicity, the industry
achieves high-precision separation through the judicious
use of specialized reagents known as collectors. These
chemicals, usually comprising non-polar hydrocarbon

FIGURE 3 Hydrophobic particles of galena being lifted by air
bubbles (Rush Spedden, circa 1948. Image courtesy of D. W.
Fuerstenau).
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chains and functional groups that include soaps of car-
boxylic acids, organic sulfates, and sulfonates, chemically
bond to the target mineral, rendering it hydrophobic.
Once conditioned, these particles attach to air bubbles
injected into the pulp, ascending to the surface for physi-
cal recovery as a concentrated froth, while the hydrophilic
gangue remains submerged and is removed as a separate
tailings stream. Figure 3 shows hydrophobic galena (PbS)
particles being lifted by air bubbles.

Refining the surface chemistry of mineral-reagent inter-
actions has been a cornerstone of performance improve-
ment across diverse ore bodies. Parallel to these chemical
advancements, the mechanical design of flotation cells has
undergone a significant evolution. By studying agitation
systems and the fluid mechanics of bubble dispersion,
engineers have developed high-efficiency alternatives to
traditional mechanical cells. Innovations such as column
flotation, coarse-particle flotation machines, and special-
ized downcomers for air-bubble injection have emerged
to maximize throughput and recovery. Furthermore, the
integration of extensive computational modeling has
allowed for the design of complex process flow sheets and
enabled the expansion of flotation technology into adja-
cent fields such as industrial wastewater treatment and
the high-fidelity separation of recycled polymers.

Opwer a century since its first industrial implementation
in the United States, froth flotation remains a dynamic
field defined by continuous improvement. Current
advancements are centered on the treatment of extreme
particle sizes—both ultra-fine and coarse—and the devel-
opment of highly specific reagent chemistries. The latter
enable recovery of multiple valuable minerals from a single
ore, such as recovery of molybdenite from copper porphyry
ores, or multiple different silicates when recovering lithi-
um silicate (spodumene) from a pegmatite ore. Perhaps the
most significant recent shift is the application of advanced
machine learning and artificial intelligence to optimize
real-time recovery in operating plants. As the global econo-
my pivots toward advanced manufacturing and green tech-
nologies, securing a domestic supply of critical minerals is
a primary strategic objective. The continued refinement of
froth flotation will be the technical linchpin in the viable
treatment and production of minerals.

The Future of Natural Resource Engineering

Over the past century and a half, innovations in natu-
ral resource engineering have fundamentally reshaped
society’s ability to characterize, access, and utilize the
Earth resources that now underpin modern civilization.
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Stream gaging and satellite remote sensing transformed
water resource management; seismic reflection imaging
revolutionized understanding of the subsurface for ener-
gy and environmental applications; horizontal drilling
and hydraulic fracturing unlocked vast unconventional
energy resources; and froth flotation enabled the eco-
nomic recovery of increasingly complex and lower-grade
mineral ores. Together, these advances demonstrate how
natural resource engineering has repeatedly expanded
the resource base accessible to society. They also attest
to the ingenuity of engineers when confronted with com-
plex challenges and to the power of integrating expertise
across scientific and engineering disciplines.

As the nation reflects on 250 years of engineering
achievement, history suggests strong potential for future
advances in natural resource engineering that can simul-
taneously strengthen societal resilience, prosperity, and
well-being. The next era will require a shift from optimiz-
ing access to individual resources toward a more holistic
approach to managing interconnected energy, water, min-
eral, and environmental systems. Artificial intelligence,
autonomous sensing and robotics, advanced computing,
quantum technologies, and other emerging capabilities
are expected to enable increasingly predictive, adaptive,
and precise approaches to complex resource manage-
ment. Together, these advances will transform how natu-
ral resources are understood, utilized, and managed—both
on Earth and potentially beyond it.
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