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ABSTRACT 

 

In 1968, Peabody Western Coal Company commenced operations of a massive 54,000 

acre coal mine on Black Mesa, Arizona, an arid and semi-arid region inhabited by the Hopi 

Tribe and Diné Nation.  The mine fuels the Navajo Generating Station, which was 

developed to power the Central Arizona Project canal, which annually pumps 1.6 million 

acre-feet of Colorado River water nearly 3,000 feet uphill during its 333 mile journey to 

Phoenix and Tucson.  Water for mine operations is pumped from a non-renewable aquifer 

beneath the Hopi and Diné lands.   

After more than forty years of development, conflict characterizes the history of 

industrial groundwater exploitation on Black Mesa, and there is little understanding of the 

relationship between industrial withdrawals and its impact upon the region’s hydrological 

and social-ecological systems. 

This case study performs a postaudit of groundwater model predictions used in the 

mine’s impact assessment studies, and it evaluates the efficacy of regulatory oversight.  The 

study demonstrates that groundwater models consistently underestimated water-level decline 

caused by industrial withdrawals, overestimated declines caused by tribal community 

withdrawals; failed to capture the linear relationship between declining water levels and 

spring discharge; and predicted water-level recoveries that have not occurred.  Further, at 

least two of the Regulatory Authority’s four threshold criteria for material damage have been 

crossed, and two have never been evaluated as intended.   

Peabody’s groundwater model was purportedly “validated” and subsequently 

implemented for regulatory purposes; it demonstrated that declining groundwater trends at 
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Moenkopi and Tuba City (60 miles from the mine) are the result of community withdrawals 

and recent drought conditions.  However, this postaudit demonstrates that declining 

discharge from Moenkopi School Spring has a strong, statistically significant relationship 

with the rate of Peabody’s groundwater withdrawals (r  = -0.84;  R2 = 0.71;  p < 0.0001), 

while neither community withdrawals nor local precipitation have a statistically significant 

relationship with this spring.   

In 2008, the Regulatory Authority revised its material damage criteria: all prior criteria 

expressing negative trends were removed from regulatory purview, and remaining criteria 

acquired insurmountable damage thresholds and will be evaluated using Peabody model 

simulations rather than USGS monitoring data. 
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BIA    Bureau of Indian Affairs 
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The Black Mesa Case Study 

 

The Problem 

In 1968, a massive 54,000 acre open-pit coal mine commenced operations on Black 

Mesa, Arizona, an arid and semi-arid region of the Colorado Plateau.  As designed, the Black 

Mesa Complex (BMC) extracts groundwater from the underlying Navajo Sandstone Aquifer 

(N-aquifer) for all mine-operations and coal transport.  BMC is the exclusive source of coal 

for the 2,310 megawatt coal-fired Navajo Generating Station near Page, Arizona, and the 

1,510 megawatt Mohave Generating Station near Laughlin, Nevada.   

Conflict characterizes the forty-year history of industrial groundwater exploitation on 

Black Mesa; disparately invested stakeholders with inestimably different perspectives 

regarding the valuation of groundwater resources continue to disagree about mine-related 

impacts on the N-aquifer and status of its condition (Glennon 2002; NRDC 2006, 2000).  

Members of the Hopi Tribe and Diné (Navajo) Nation have consistently articulated their 

concern regarding decreased surface flow in washes and discharge from springs, degradation 

of associated wetlands, loss of culturally significant locations and resources, decline of 

biodiversity; and risk to public health (Masayesva 2004; Selestewa 2004; Secakuku 2001; 

Glennon 2002; Wilkinson 1999).    

Simultaneously, Peabody Western Coal Company (Peabody), the Bureau of Reclamation 

(USBR), and the Office of Surface Mining Reclamation and Enforcement (OSM) have 

consistently reported that there have been no adverse impacts to the N-aquifer in response 

to industrial withdrawals and attribute declining trends to increased municipal pumping or 
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recent drought conditions (USBR 1971, 1972; Carson 1994; OSM-CHIA 1989, 2008; OSM-

EIS 1989, 1990; Peabody 2002; OSM 2006, 2008; OSM, 2003, 2004,2005, 2006). 

After forty years of development, conflict characterizes the history of coal-energy 

groundwater exploitation on Black Mesa, and there continues to be little understanding of 

the relationship between industrial groundwater withdrawals and its impacts upon 

hydrological and social-ecological systems (Glennon 2002; Wilkinson 1999; Whitely and 

Masayesva 1998; Clemmer 1995; James 1994; Thomas 2002; NRDC 2000, 2006). 

 

The Study 

This case study is an environmental history of coal-energy groundwater exploitation over 

a forty year period (1968-2008) on two contiguous Native American Reservations in the 

American Southwest.  It relies upon a copious set of studies on Black Mesa hydrology that 

date to the mid-1940s; this includes all feasibility studies, interpretive geophysical and 

hydrogeological studies, impact assessments, groundwater models, monitoring reports, and 

regulatory reports.  These documents comprise the data set for this study (see Appendix A). 

In the broader context of natural resource development, the theoretical framework 

draws from numerous disciplines that contribute to social-ecological systems research1

                                                 
1 Including science and technology studies, complexity science, systems modeling, hydrogeology, the ecological 
sciences, ethnoecology, economics, political ecology, law and policy studies, and the history and philosophy of 
science, among others. 

.  By 

integrating the features of overexploitation (Ludwig et al 1993), evolutionary stages of 

overexploitation (Holling 1978, 1986, 1995), and the procedural shortcomings embedded in 

federal policy (O’Brien 2002; Lindstrom and Smith 2001; Suskind et al. 2001; Hofrichter 

2000; Kraft 2006), the framework builds upon the Pathology of Resource and Ecosystem 
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Management (Holling 1986, 1995) by incorporating the assumptions underlying the 

conventional model for sustainable development and demonstrating how it consistently 

leads toward degradation or collapse (see Appendix B). 

This case study outlines the evolutionary development of the Black Mesa-Kayenta Coal 

Mine; it performs a postaudit of groundwater model predictions2

 

 that were used in 

environmental impact assessments and cumulative hydrologic impact assessments; it evaluates the 

methodological efficacy of federal oversight; and it provides an alternative perspective of the 

cumulative impacts that have been absorbed by the Navajo Sandstone Aquifer. 

Summary of Findings 

 

In 1981, the USGS developed a groundwater model of the N-aquifer to improve 

understanding of aquifer dynamics and evaluate the potential effects of numerous 

groundwater pumping scenarios; the model was not designed to serve as a tool for 

predetermining safe yield or to conclude upon the aquifer’s condition (Eychaner 1981).  

USGS explained, “data are not available for most nodes.  Some data may be incorrect or be 

subject to multiple interpretations” (Eychaner 1981: 25); the model “cannot adequately 

represent the local geology and simulate hydrologic processes in detail”; the model’s 

simulations results “are better used to compare effects of different development plans rather 

than estimate actual future water levels and water-budget components” (Brown and 

Eychaner 1988: 25).  

                                                 
2  Groundwater model predictions were used in the requisite environmental impact statements (EIS) under the 
National Environmental Policy Act of 1969 (NEPA 1969), and cumulative hydrologic impact statements (CHIA) 
under the Surface Mining Control and Reclamation Act of 1977 (SMCRA 1977). 
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In 1989, the lead federal agency responsible for evaluating the mine’s impacts on the N-

aquifer (Office of Surface Mining Reclamation and Enforcement, or OSM), used the model’s 

simulation results as the basis of its cumulative hydrologic impact assessment (OSM-CHIA 1989) 

and environmental impact statements (OSM-EIS 1989, 1990).  OSM also used the model 

simulations, rather than actual monitoring data, for annual reports on the condition of the 

N-aquifer, despite the fact that in some cases model simulations had not been run in as many 

as twelve years (OSM, 2003, 2004, 2005, 2006; OSM-EIS 2006, 2008; OSM-CHIA 2008).  

Since 1989, OSM has maintained that the model-simulations provide sufficient evidence 

that industrial groundwater withdrawals have caused no adverse impacts to the N-aquifer.  

OSM has based its conclusion upon the conventional water-budget methodology: “the impacts 

projected from the N-aquifer simulation are overestimated.  It is important to note that at no 

time does the total withdrawal from the system exceed the recharge to the system” (OSM-

EIS 1990: IV-24; also in OSM-CHIA 1989; OSM 2006; OSM-CHIA 2008. The water-budget 

paradigm is debunked in Chapter 5: The Water Budget Myth).   

The postaudit of the 1990 EIS demonstrates that the model did not predict water levels 

or spring discharge rates with any appreciable level of accuracy.  Where water-level decline 

was believed to be caused by industrial withdrawals, drawdown was underestimated by 56% 

southeast of Kayenta, 65% at Forest Lake, and 97% at Pinon.   

Where predicted water-level decline was believed to be caused by municipal withdrawals, 

drawdown was overestimated 112% (Kykotsmovi  PM1) and 41% (Kykotsmovi PM2).   

More interestingly, water level-decline at Tuba City was overestimated by 44% in the three 

NTUA wells, 103% in the three BIA wells, and by 73% as a mean of the six NTUA and BIA 

wells combined.   
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These overestimations should correlate with equivalent overestimation in nearby spring 

discharge, which the EIS predicted would be merely 1-2% and was attributed entirely too 

municipal withdrawals.  However, Moenkopi School Spring declined by more than 26%, 

Burro Spring declined by more than 27%, and Pasture Canyon Spring declined by more than 

7%.  The model failed to capture the linear relationship between water-level and discharge. 

In 1990, OSM asserted that the potentiometric surface of the N-aquifer would stay at 

least 100 ft above the aquifer, and thus had no chance of falling below the aquifer itself: “It 

can be seen that at no time does the potentiometric surface drop to this level anywhere 

within the affected area for any scenario.” (OSM-EIS 1990: IV-28).  By 2005, a well at 

Kayenta had declined to more than 6 ft below the top of the N-aquifer.   

  In the context of the predictions in the 1990 EIS, the mine’s effects were 

underestimated; the municipalities effects were overestimated; the linear relationship 

between water-level and spring discharge was not accurately represented; and although 

industrial withdrawals were reduced one year ahead of schedule (providing the aquifer with 

an extra year of recovery compared to simulations), wells that were predicted to recover to 

1985 water-levels (expected by 2009) had no recovery.  In fact, as of March 2010—more 

than four years after industrial withdrawals were reduced by more than seventy percent—

most N-aquifer wells continue to decline. 

In the context of OSM’s four criteria for determining material damage to the N-aquifer 

(in OSM’s 1989 CHIA), the threshold for spring discharge decline was crossed, the 

threshold for potentiometric surface was crossed, and the criteria for water quality and 

discharge to streams have never been evaluated using the standards developed by OSM.  

Nonetheless, OSM maintains that declining trends are not related to mining activities. 
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In 1999, Peabody developed a 3-dimensional groundwater model of the N-aquifer.  

According to Peabody consultants, the model is the most sophisticated and realistic 

conceptualization of the N-aquifer to date.  The model was calibrated, validated, and 

accepted by OSM as a reliable predictor of future N-aquifer conditions (HSIGeoTrans & 

WEHE 1999: 1-4, 4-24, 4-25; GeoTrans 2005; OSM-CHIA 2008: 55; OSM-EIS 2006, 2008).   

The Peabody model simulations demonstrate that the mine’s effects in the unconfined 

portion of the aquifer are “imperceptible”, and at the communities of Tuba City and 

Moenkopi they are “zero” (OSM-EIS 2006, 2008; OSM-CHIA 2008; OSM 2006; 

HSIGeoTrans and WEHE 1999).  The postaudit of the Peabody model does not support 

these conclusions. 

Moenkopi School Spring is located near the Hopi village of Lower Moenkopi, along 

Moenkopi Wash, approximately 60 miles from the Peabody lease-area in the unconfined 

portion of the N-aquifer.  Regression analysis demonstrated a strong, indirect, statistically 

significant, relationship between discharge from Moenkopi School Spring and industrial 

withdrawals: as industrial withdrawals increase, discharge from Moenkopi School Spring 

decreases (r = -0.84; R2 = 0.71; p < 0.0001).   

OSM and Peabody maintain that the mine’s effects are constrained to the central, 

confined portion of the N-aquifer, near the mine, and that declining spring discharge is 

caused by community withdrawals and by recent drought conditions (OSM-EIS 2006, 2008; 

Peabody 2002).  The postaudit demonstrates that the relationship between Moenkopi School 

Spring discharge and municipal withdrawals from the Tuba City well system is statistically 

insignificant (r = -0.31; R2 = 0.10; p = 0.24).  The relationship between precipitation at Tuba 
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City/Moenkopi and spring discharge is also statistically insignificant (r = -0.36; R2 = 0.13; p 

= 0.16). 

Based on the Peabody model simulations, OSM asserts that (1) maximum drawdown 

occurred in 2006; (2) water levels have been rising since 2006; and (3) saturated thickness has 

been maintained throughout the confined portion of the aquifer (OSM-CHIA 2008).  The 

postaudit demonstrates that maximum decline did not occur in 2006: as of May 2010, most 

N-aquifer wells continue to decline, and there are no trends that would signify that any 

recovery has occurred.  Finally, the water level at Kayenta remains below the top of the 

confined N-aquifer and thus it is not saturated. 

Twenty years after OSM implemented the four material damage criteria for the N-aquifer 

(in its cumulative hydrologic impact assessment, or CHIA), three issues were apparent: (1) the 

criterion for spring discharge had been crossed; (2) the criterion for structural stability had 

been crossed; and (3) the criteria for water quality and discharge to streams had never been 

evaluated using OSM’s original methods. 

In 2008, OSM released a new CHIA for the Black Mesa complex (OSM-CHIA 2008).  

In this new CHIA, the definition for material damage had changed from “adverse impacts to 

the hydrologic balance” of the N-aquifer (OSM-CHIA 1989: 5-1) to “permanent 

destruction” or “long-term contamination” of the N-aquifer (OSM-CHIA 2008: 2).   

Given OSM’s discretionary authority, the four material damage criteria were changed.  

Those criteria expressing the declining trends identified in this postaudit have been 

extirpated from regulatory purview; the remaining revised criteria acquired insurmountable 

damage thresholds and their condition will be determined by the Peabody model’s 

simulations rather than actual monitoring data (OSM-CHIA 2008).   
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The conceptual accuracy and predictive reliability of Peabody’s 3-year, $3 million 

groundwater model (HSIGeoTrans and WEHE 1999) is highly questionable: the model’s 

recharge estimation method did not work; thus, inflow is uncertain (pp.5-1, 5-12, 5-48, 5-24, 

5-65).  Leakage from the overlying D-aquifer into the N-aquifer has never been ascertained; 

thus, flow between the aquifers is uncertain (p. 1-11).  N-aquifer discharge was not estimated 

(p. 5-24) because spring discharge is not well known (p. 4-42), stream discharge is not well 

known (p. 4-43), evapotranspiration is not well known (p. 5-24), and because reliable 

measurements are difficult, expensive, and unfeasible to obtain; thus, outflow is uncertain (p. 

5-1, 5-24, 5-6).   

Further, the model cannot accurately simulate discharge from springs (p. 5-23); it cannot 

accurately simulate discharge to Moenkopi Wash3

Finally, in order for the Peabody model to be successfully calibrated, it had to introduce 

four geological formations into the model which do not exist in the actual N-aquifer (p. 5-

36, 5-38). 

 (p. 5-52); and discharge predictions at 

Tuba City and Pasture Canyon are unreliable (p.5-52).   

 

 

 
 

  

                                                 
3 The N-aquifer’s highest area of discharge is into Moenkopi Wash (Brown and Eychaner 1988). 
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PART I:  THEORETICAL AND HISTORICAL FOUNDATIONS 
 
 
 

If my reading of the archeological record is correct, this seemingly self-destructive situation occurs 
repeatedly—individuals, groups, and entire societies make decisions that initially are productive 
and logical, but over time have negative and sometimes disastrous environmental implications.  
What are the cultural filters and institutional frameworks that again and again appear to have 
inhibited otherwise highly successful societies and people of great creativity and intelligence from 
accurately perceiving the problems that beset them and acting to remedy them in a timely 
fashion?  
 

~Charles Redman (1999)  
Archeologist 

 
 

Science and technology are given a place of honor in the capitalist state and put to work devising 
ways to extract from every river whatever cash it can produce.  Where nature seemingly puts 
limits on human wealth, engineering presumes to bring unlimited plenty. 
 

~Donald Worster (1985) 
Environmental Historian 

 
 
One mechanical engineer argued that his profession held a commission from God to subdue the 
earth.  The technical marvels of the future would not only outshine those of the past in material 
terms, “they would elevate and ennoble man, lift him out of his present limitations and make 
him the master where he is now the victim.” 
 

~Edwin T. Layton, Jr., (1971) 
Engineer 

 
 

…the goal of management was to stabilize production of food or fiber or to moderate extremes 
of drought or flood for economic or employment reasons. In each case the goal was successfully 
achieved by reducing natural variability of a critical structuring variable such as insect pests, 
forest fires, fish populations, water flow, or grazing pressure. The result was that the ecosystem 
evolved to become more spatially uniform, less functionally diverse, and thereby more sensitive to 
disturbances that otherwise could have been absorbed.  That is, ecological resilience shrank even 
though engineering resilience might have been great.  Short-term success in stabilizing production 
reduces natural variability, so that the stability landscape shifts and evolves to reduce its 
adaptive capacity.  Short-term success in optimizing production leads to long-term surprise.  
 

~ Holling and Gunderson (2002) 
Ecologists 
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1.  FOUNDATIONS OF NATURAL RESOURCE EXPLOITATION 

 

Natura Valde Simplex est et Sibi Consona 4

 

 

The tradition of Newtonian physics, in which the universe is conceptualized as a 

complex machine governed by physical laws that are uniform throughout all natural systems, 

insists upon a geometric and balanced perspective of nature.  Because these laws are buried 

deeply beneath the limitations of human acuity, natural systems must be reduced to their 

essential structural and functional components and made hospitable to investigation.  In this 

manner, nature is recast in a simplified, controllable version of itself, and nature is then 

reenacted in order to distill its underlying secrets.  Only through this dissection of the 

phenomenal, translated through the precise language of geometric measure, are we able to 

discover these secrets (Samuel 2008; Dear 2006; Mitchell 2009).     

  This mechanistic, reductionistic, science-of-the-parts investigation of the clockwork 

universe is the tradition of “Natural Philosophy”; it is understood to be unbiased and value-

free, making it distinct from what might be called practical knowledge, which is learned 

through the accumulation of sensory-experience.  It is characterized by deductive, linear-

reasoning, assumes that all of nature can be reduced to its essential structural and functional 

components, and that the interactions of these components can be replicated through 

experimentation.  And it assumes that once the governing properties are revealed, natural 

systems are predictable and thus exist within the domain of human control (Dear 2006; 

Kleinman 2005; Holling et al. 1998).  

                                                 
4 “Nature is exceedingly simple and conformable to herself” (Isaac Newton, quoted in Mitchell 2009). 
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In contrast to experiential knowledge , which is the consequence of repeated sensory 

impressions that accumulate in memory and generate common-sense, scientific experimentation 

attempts to reenact nature in a single, highly stylized occurrence and, from this, generalize 

about the qualities of nature and explain what we can see, taste, touch, smell, and hear.  This 

staging of nature gives scientific meaning to human experience: unattenuated by social-values 

and subjective opinion, understanding of the natural world through science is thought to be 

more real and thus more rational than experiential knowledge.  In this context, it is held that 

scientific-truths are superior to common-sense (Samuel 2008).   

Although Francis Bacon (1561-1626) is often recognized as the first to promote the 

application of natural philosophy for the benefit of society, science has almost always been 

applied in this instrumental context5

In the midst of the eighteenth Century’s Enlightenment, Rationalism integrated 

mathematical methods into philosophy; deductive-reasoning replaced sensory-based ways of 

knowing truth; natural rights and natural law displaced aristocracy and oligarchy; and 

technology had become synonymous with progress (Dear 2006; Mitchell 2009; Wynne 2008; 

Kleinman 2008).   

.   Given its objectivity, it was thought, the practical utility 

of science — i.e. science as a form of engineering, the computational or mechanical 

intervention in nature, a tinkering with the machine, so to speak, or Technoscience, as it is 

known today — should be operationalized for the ennoblement of mankind.   

                                                 
5 For example, Galileo (1564-1642) was commissioned to ascertain the physical characteristics that would make 
the accuracy of cannonball-projection more predictable, etc. see Nowotny et al. 2001. 
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As the discoveries of Natural Philosophy were applied throughout all aspects of society, 

this intellectual and value-free tradition gave way to the practice of calculating probabilities 

and assessment of general tendencies.  In this applied context: 

 

It becomes easier to view science as a fallible social enterprise and not a unique and 
privileged communion with truth.  This integration with science and society is 
also fostered by the social demands now placed on science and engineers — they 
depend upon public monies which increasingly have strings attached and their 
work is enmeshed in a complex net of regulations and expectations. (Scott 2008) 

 

However, whether the intellectual or instrumental form of science is practiced, both are 

limited to those adept in the methods of “vexing nature” and “extracting her secrets” 

(Samuel 2008).  Both retain an unrivaled formal-authority and discursive-legitimacy on technical 

matters concerning natural systems (Hanke and Gray 2006).  And laypeople, lacking the 

technical training required for critical engagement with scientific and technological experts, 

are by definition unable to refute assertions of “scientific-fact” (Dear 2006; Kleinman 2005; 

O’Brien 2002; Wynne 2008).   

By the nineteenth century, faith in the promises of instrumental science was nearly 

ubiquitous; it was the key to progressive development.  Revered for their “cognitive 

superiority” and extraordinary levels of specialization, scientists and engineers became 

entrusted as the “best possible arbiters of controversy” and were inherently capable of 

“clearing away the tangle of politics and opinion to reveal the unbiased truth” (Kleinman 

2005: 4).   

In 1895, during a conference held by the American Society for Civil Engineering, George S. 

Morison proclaimed: “We are the priests of material development, of the work which 
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enables other men to enjoy the fruits of the great sources of power in Nature, and of the 

power of mind over matter.  We are priests of the new epoch, without superstitions.”   

Indeed, the value assigned to instrumental science, and to the instrumental scientific-

practitioner, gathered a momentum that transcended the physical and natural sciences.  In 

1971, civil engineer H.W. Buck stated, “it matters not whether the problems before him are 

political, sociological, industrial, or technical, I believe that the engineering type of mind… is 

best fitted to undertake them.”   

Layton (1971) explained: 

 

Although engineers were unclear as to the precise nature of the scientific laws 
governing human society, they were able to draw several clear inferences from 
their assumed existence. Scientific solutions to social problems would be 
permanent: once science solves a problem it need not be solved again… The 
engineer, guided by scientific law, would find the “sane middle ground between 
grasping individualism and Utopian socialism.”  The result… would be that “the 
golden rule will be put in practice through the slide rule of the engineer”. 

 

In the twenty first-century’s increasingly complex and resource-constrained world, the 

corollary desire for scientific-solutions to problems in social and natural systems has 

generated an even greater reliance upon the virtues of technoscience: “Whether these 

matters concern the assessment of risks associated with industrial pollution or the health 

risks associated with dietary or drug regulations, people with doctorates in relevant scientific 

fields are regarded as the ones most fit to provide guidance, because scientists, on this 

standard view, know how nature works” (Dear 2006). 
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Nature’s Balance 

 

In the modern capitalist state, it is believed that science is objective and politically neutral, 

that technological development is inherently progressive, and that the instrumental 

application of science (i.e. “technoscience”) is the appropriate means for overcoming the 

bio-physical constraints that limit economic development (Kleinman 2005; Wynne 2008).  

Federal policies enacted to protect the environment and public health give statutory 

recognition to these beliefs (Lindstrom and Smith 2001; Kraft 2006; Suskind et al. 2001).   

The conventional logic assumes that by eliminating indeterminism and establishing 

expert consensus, (1) humans can manage the environment by deciding how much 

disturbance an ecological system can safely absorb; (2) once this assimilative-capacity has 

been determined, we can impose technological controls and set exploitation limits so that 

adverse impacts will not harm the ecosystem; and (3) in the case that unexpected ecological-

change should occur, vigilant monitoring will identify signals of undesirable change in time 

for management’s response to prevent irreversible harm (Taylor and Humpstone 1973).    

In the context of natural resource exploitation, this is recognized as the “command and 

control” paradigm for natural resource exploitation and ecosystem management.  It assumes 

that nature’s uncertainty can be replaced by the “certainty” of technological control, and that 

natural variability can be stabilized by maintaining an ecosystem at a target-equilibrium 

through technological controls and exploitation limitations (Gunderson and Holling 2002).   

To make this determination, the ecosystem’s primary biological and physical variables are 

ascertained and their interactions are replicated in complex computer models.  By 

manipulating the model’s critical structuring variables (e.g., insect pests, invasive species, fire 
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frequency, population, soil organic matter, groundwater recharge, etc.), it’s behavior, 

equilibrium, and thresholds are revealed.  Once these essential dynamics are illuminated, 

technological controls may be designed to stabilize natural variability, and exploitation limits 

may be imposed in order to hold the system near the targeted equilibrium, preventing 

adverse impacts.  Maintained at this “balanced” state, the desired resource (fish, crop yield, 

lumber, water, forage, etc.) may be extracted at a sustainable rate in perpetuity.  When 

resource exploitation ceases and the technological controls are removed, the ecosystem 

returns to its natural-trajectory toward its optimal ecological-state (Holling and Gunderson 

2002; Ludwig et al. 1993; Westley et al. 2002; Westoby et al. 1989; Clements 1916). 

Just as an economic variable may be manipulated to achieve a desired market response 

(e.g., tax rates are lowered to stimulate spending), ecological variables are manipulated to 

reduce the natural-variability that is inherent in all ecosystems, thus ensuring the market with 

a consistent and predictable supply of the desired resource.  The problem of resource 

fluctuation is solved, investment is encouraged, economic growth is stimulated, and 

undesirable ecological change is prevented.  If the extraction-rate is held below the 

resource’s rate of renewal, the system is intuitively being managed sustainably.  Generally, 

the natural rate of renewal is the resource’s maximum sustainable yield because resource supply 

will be naturally maintained at this level of exploitation (Ackerman and Heinzerling 2004; 

Bavington 2008b; Holling and Gunderson 2002).   

With the determinism of the clockwork universe and the inherent balance of economic-

equilibrium, the universal properties that govern ecological systems conform to the principles that drive 

economic development.  Thus, in both theory and practice, the sustainable exploitation of natural 

resources—which is founded upon an objective and value-free understanding of natural 
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systems—is inherently progressive, qualitatively democratic, and exists within the domain of 

human control (Westley et al. 2002; Carpenter et al. 2002; Dear 2006; Holling and Sanderson 

1996; Costanza 1996).  

 

Nature’s Complexity 

 

If we knew the laws of nature and the situation of the universe at the initial 
moment, we could predict exactly the situation of that same universe at a 
succeeding moment.  But even if it were the case that the natural laws had no 
longer any secret for us, we could still only know the initial situation 
approximately…. small differences in the initial conditions produce very great 
ones in the final phenomenon.  A small error in the former will produce an 
enormous error in the latter.  Prediction becomes impossible… (Poincaré 1887, 
in Mitchell 2009) 

 

The foundational theories regarding the natural world were flawed: the linear-reasoning 

of the instrumental tradition has been applied to a largely nonlinear world; objective 

scientific-disciplines are inherently value-laden and biased; and the paradigm associated with 

progress encourages technoscience as the solution to problems created by that very practice. 

Developments in the ecological sciences illustrate that the bio-physical complexity of 

natural systems precludes the conventional command-and-control approach to natural resource 

exploitation and ecosystem management (Ludwig et al. 1993, Ludwig 2000; Holling 1973, 

1986, 1995; Gunderson and Holling 2002; Berkes et al. 2003).   

The only scientific “truths” that govern ecosystems make their replication impossible 

and their control illusory.  Ecosystems self-regulate, have innumerous uncertainties, adapt to 

disturbance-pressures slowly and undetectably, and are constantly evolving.  They are 

distinguished by nonlinear behavior (changes that cause the system to flip unpredictably onto 
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other development paths), multiple equilibria (within the range of different “stability domains” 

toward which the system may drift when conditions change), and emergent properties 

(properties unique to one scale may be coupled to properties at other scales with many 

feedback mechanisms between them).  Ecosystems are interconnected to other ecosystems 

through nested scales in space and time (a small watershed is an ecosystem, but it is also a part 

of a larger watershed, etc.), self-organizing (open systems will reorganize at critical points of 

instability), and they express episodic or discontinuous behavior.  Finally, ecosystems do not 

necessarily reestablish former characteristics or return to their former trajectories once 

controls and exploitation limits are lifted (Holling and Gunderson 2002; Berkes et al. 2003; 

Mitchell 2009; Jorgenson 1997). 

Berkes et al. (2003) argue that these attributes suggest that (1) linear models and 

management plans are inadequate for assessing complex ecosystems; (2) ecosystems should 

be analyzed and managed at several different scales simultaneously and include a 

“multiplicity of perspectives”; and (3) the incorporation of qualitative analysis will be 

beneficial and complementary to conventional quantitative methods.   

High-levels of natural diversity increase an ecosystem’s response diversity: the number of 

different potential variable-responses to disturbance; the greater the system’s response 

diversity, the greater its capacity to absorb disturbance and retain its functional and structural 

characteristics.  Diversity bolsters resilience; reducing diversity diminishes resilience (Folke 

2008; Walker 2006; Gunderson and Holling 2002).    
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Management 
 

If there is a problem, better management is often assumed to be the solution.  
This assumption has deeply influenced the rise of advanced industrial societies 
and now guides much of the response to environmental problems. (Paehlke and 
Torgerson 1990) 
 
We have assumed that we could manage individual components of an ecological 
system independently, find an optimal balance between supply and demand for 
each component, and that other attributes of the system would stay largely 
constant through time… But as we learn more about ecological and human 
systems, these assumptions are being shattered. (Reid 2006) 

 

If it is true that management institutions gravitate toward a fixed set of goals and 

processes and by doing so become increasingly rigid, inflexible, and vulnerable to crises 

(Pritchard and Sanderson 2002), then it may be hypothesized that ecological systems wrested 

into the control of product-oriented management-objectives are then also fixed upon parallel 

and increasingly vulnerable trajectories toward ecological crises.   

When social-ecological systems begin to break-down, they become increasingly 

vulnerable to change: novelty and innovation have the opportunity to transform degraded 

systems healthier, more viable systems (Holling 1995, 1986). Simultaneously, however, 

political and economic forces may be generated to uphold the status quo (Ludwig et al. 1993; 

Bradshaw and Borchers 2000).  In the face of crisis, maintenance of the status quo is a 

“pathological block” to constructive change and, over time, increases “social-dependence” 

upon continued exploitation, fostering an “ecological-trap” (Holling 2006).  

In the ecological sciences, nature’s balance has been displaced by the recognition that 

natural systems are in constant flux, and thus consensus regarding an ecosystem’s response 

to disturbance is unobtainable.  The command and control paradigm is inadequate to the 
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goal of sustainable development (Ludwig et al. 1993; Ludwig 2000; Gunderson and Holling 

2002; Holling et al. 2002; Bavington 2002).  Despite these ecological realities, resource 

managers continue to express great confidence in the technoscientific-control of natural 

systems, arguing that “complexity is not a fact of nature, but a reflection of the deficiencies of 

the observer and their tools.  [The assumption being] If complex reality is studied long enough 

and at the right scale, an underlying Newtonian mechanism will emerge with laws that can be 

predicted and ultimately controlled” (in Bavington 2002). 

Convinced of the virtues of efficiency and specialization, and confident in the belief that 

more information and more sophisticated technology will prevent further degradation, the 

culture of technoscientific-control tightens the screws: “Human technology has a tendency 

to be built upon linear-logic, as opposed to cyclical process; it often represents single-

variable interventions in complex or imbricate systems.  Technological solutions focus on 

limited scales” which slowly alter ecosystems and create new, unforeseeable problems 

requiring more technological intervention: “At best, these engage us in a recursive loop of 

endless problem solving.  At worst, they commit us to courses of action that turn out to be 

disastrous” (Westley et al. 2002). 

The entrenchment of norms has rendered a consistent and well documented series of 

stages through which social-ecological systems progress as they drift toward collapse6

                                                 
6  These social-ecological stages discussed throughout the rest of this section were first addressed in Holling 
1978, 1986, 1995, 1998; Holling et al. 2002, and they are further discussed in Westley et al. 2002; Ludwig et al. 
1993; Berkes et al. 2003; Carpenter et al. 2002; O’Brien 2002. 

.  

Initially, without recognizable problems, development plans are perceived as successful.  The 

new project spurs economic growth — local stakeholders adapt to and integrate the new 

revenue stream into society, upon they become increasingly dependent.  However, because 
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determining an ecosystem’s response to development is difficult, expensive, and time 

consuming, resource-managers may assert that the lack of (perceivable) problems is an 

indicator or successful planning.  Controls may successfully stabilize the system’s natural 

variability, but they also cause slow and undetectable changes throughout the system: 

functional diversity is diminished, spatial uniformity is increased, and the system becomes 

more vulnerable to disturbance.   

The sheer scale of modern resource-exploitation projects conceals early indicators of 

change: the spatial and temporal limitations of human perception obscure their presence.  

Typically, local residents or conscientious scientists working with local groups are the first to 

recognize tangible signs of harm; however, because model-simulations did not express such 

observations at this point in development, resource-managers are likely to be attribute them 

to natural variability or sources unrelated to the project.   

Obscured by scale and masked by natural variability, overexploitation is often 

undetectable until it is severe, palpable, and irreversible.  When unambiguous signs of 

ecological change debunk the model’s predictions, political and economic forces are 

generated to ensure that production continues unabated and economic interests are not 

threatened: agency scientists, impact assessors, or environmental consultants may revise their 

assumptions or create new models that convey favorable circumstances.   

With the new conceptualization of the system, the system has been redefined, and this 

development process returns to its initial stage: development plans are perceived as successful.  In 

this cyclical manner, public distrust is heightened, exploitation continues uninterrupted, and 

as ecological-resilience erodes, the coupled social and ecological system drifts toward 
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collapse (Holling 1978, 1986, 1995, 1998; Holling et al. 2002; Westley et al. 2002; Ludwig et 

al. 1993; Berkes et al. 2003; Carpenter et al. 2002; O’Brien 2002).  

 

Bias and Trust 

 

In a democratic society, the public must assign a substantive level of trust to the political 

hierarchy of technoscientific decision-making — uniform skepticism would make life 

unfeasible (Shapin 1994).  However, as the public becomes increasingly concerned about the 

objectivity of experts and the sufficiency of regulatory procedures, skepticism and activism 

increase.  But given high levels of “scientific illiteracy” among the general public, little weight 

is assigned to the layperson who is attempting to refute assertions of scientific fact (Levitt 

and Gross 1994; also see Dear 2006; O’Brien 2002).   

Science is neither value-free nor unbiased.  Professional training influences perspective, 

guides personal interests, and gives purpose for performing inquiries; it influences the 

perception of significance and insignificance: “Scientists are exposed to theories during their 

training, and… these shape where scientists look, how they view what they see, and what 

they see.  Consequently, as many analysts have noted, it can happen that unexpected events 

take place before a scientist’s eyes and provoke no response.  When no meaning is attached 

to an experience, the experience may be ignored” (Kleinman 2005: 6).   

Holling (1995; Holling et al. 2002a, 2002b) refers to this bias as the “Trap of the 

Expert”.  Faced with an ecological crisis, consider the solutions likely to be forwarded by an 

ecologist, economist, and engineer.  The ecologist argues that technological controls must be 

removed and adaptive methods should replace rigid management; the economist argues that 
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incentives merely need adjustment so that the market will influence the needed behavior; and 

the engineer argues that by getting the models and technology right, the system can be 

controlled and degradation will stabilize or be reversed.   

 

…existing theory and practice for linked systems of nature, economies, and 
people are too partial and fragmented among ecology, economics, and social 
science.  Well-intentioned recommendations of the expert therefore can often be 
so partial that they become ammunition for powerful vested interests to distort 
public information and policy (Holling et al. 2002b: 417).   
 

Disciplinary orientation and professional norms may create a sort of professional 

hubris—what environmental philosopher Wendell Berry calls disciplinolotry.  Confounding the 

indoctrination of perspective, “peer-pressure effects” and “incorrect herding” further trap 

experts around erroneous models or methods, making them dismissive to potentially 

constructive information (Holling et al. 2002b).  Professional reputation, hierarchical-

structures, politicized leadership, economic incentives, and normative discourses reinforce 

the political environment which can be “enabling to supporters” and “constraining to 

dissidents” (Kleinman 2005; also see Bradshaw and Borchers 2000; Holling et al. 2002a).  

Because scientists are imbued with the “cognitive superiority” needed for decision-

making on technical matters, professional bias may have profound implications for the 

general public.  Experts determine the “acceptability” and “significance” of toxic exposures 

and environmental impacts that could result from proposed projects.  However, “given the 

social nature of science, technology, and expertise, experts’ assessments and decisions will 

inevitably reflect their social location and may not reflect the interests and concerns of non-
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expert citizens who are likely to be affected by experts’ judgments” (Kleinman 2005; also 

O’Brien 2002; Dear 2006; Wynne 2008).   

Here, a social-paradox ensues.  Erickson (1976) illustrated how the grief inflicted upon a 

community following the Buffalo-Creek dam disaster in 1972 led to “the release of a sense 

of chronic disaster” that predated the catastrophe:  

 

This chronic syndrome was attributable to an unspoken but deep sense of stigma 
caused by the community’s recognition of its complete dependence on a coal 
company which, they also knew, held a ruthless disregard for them.  It was not at 
all that they trusted the company… Rather, their implicit and long-standing sense 
of self-denigration of ‘allowing’ their own dependency on such an untrustworthy 
owner and employer had been confirmed and rendered explicit. (quoted in 
Wynne 1996; also see Erickson 1976)   

 

Where decisions regarding natural resource development and ecosystem management are 

left to a small group of experts, management has proven to be socially undemocratic and 

ecologically immoral (Bavington 2002).  Kleinman (2005: 3) explains two social-phenomena 

that make it make it particularly difficult for laypeople to engage with science and technology 

in the public domain.  The first, Scientism, explains: 

  

there is an inherent divide between facts and values—that they are intrinsically 
different categories of phenomena….facts are superior to values in terms of 
credibility and cognitive authority.  This belief in the cognitive superiority of 
facts over values leads to the conclusion that only trained scientists—experts at 
unearthing the facts—can appropriately participate in decision making on 
technical matters, where data (the facts) is the product of the scientific method… 
As a result, we accept that science and scientists are the best possible arbiters of 
controversy, clearing away the tangle of politics and opinion to reveal the 
unbiased truth. 
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The second is Technological Progressivism, which 

 

inhibits the ability of citizens to view science and especially technology as 
reasonable subjects for wide ranging public debate… Thus, we have come to 
take the virtues of technological development for granted and to see technology 
as self-propelling, moving forward along a singular path without human 
intervention.  In the context, debating technology is generally inappropriate.  
There are no social choices, as technology has only one path, which is 
intrinsically determined, and there is no point in blocking the road down which 
technology proceeds, as it is always for the good.… It is also the basis for 
dismissing critics of new technologies… In recent years, proponents of 
biotechnology have attempted to marginalize critics by referring to them as 
Luddites, alarmists, and champions of technological stagnation.  With this kind 
of overblown rhetoric, one can imagine that there would be little room for 
careful and deliberate questioning of new technological developments.       
(Kleinman 2005: 4) 

 

In a culture that recognizes scientific knowledge as superior to common sense, and where 

the citizenry must maintain a collective trust in the opinion of “experts” to decide upon its 

own wellbeing (despite experiential knowledge generating a sense of distrust), power is 

accumulated by those with the capital to direct technoscientific development. 

 

Accepting the authority of engineers, economists, and bureaucrats along with the 
power of capital, the common people become a herd. They live as “docile masses 
of clocks”… Instead of maturing into autonomous, rational individuals capable 
of deciding ultimate issues, as one side of the enlightenment promised they 
would do in the modern age, they instead become lifelong wards of the 
corporation and the state.  Sensing their own their own impotence in the midst 
of so much general power… so thoroughly have they absorbed and internalized 
the ruling ideas, so completely have they lost the capacity of critical thought. 
(Worster 1985: 57) 
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Predetermining Risk 

 

In 1965, President Lyndon Johnson acknowledged the growing concern that the 

cumulative byproducts from industrial technologies were inadvertently harming the 

environment and human health.  In a White House document entitled Restoring the Quality of 

Our Environment7 (Tukey et al. 1965), Johnson remarked “Ours is a nation of affluence.  But 

the technology that has permitted our affluence spews out vast quantities of wastes and 

spent products that pollute our air, poison our waters, and even impair our abilities to feed 

ourselves”.  This awareness led Congress to enact a risk-based regulatory system for 

assessing and mitigating the potential environmental impacts of proposed federal projects8

The National Environmental Policy Act of 1969 (NEPA) created an environmental law 

applicable to all US federal agencies and agency-actions that could deteriorate environmental 

quality.  NEPA distinguished itself from other environmental laws because it challenged the 

primacy of unfettered economic growth by requiring federal agencies to consider the 

environmental consequences of proposed federal projects prior to issuing a permit for 

development.  It achieved three primary objectives: (1) it provided statutory recognition of a 

national declaration of environmental values; (2) it created an action-forcing mechanism 

 

and for demonstrating that no safer alternatives exist.   

                                                 
7 This 1965 report included a “subpanel report” on increased carbon dioxide production, its potential to cause 
global warming, and its significance to the United States. 
 
8 A “federal project” is any project that receives federal funding and may pose serious harm to the environment 
(NEPA 1969) 
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(environmental impact statement9

According to a Council on Environmental Quality report Collaboration in NEPA: A 

Handbook for NEPA Practitioners, “One of the Hallmarks of NEPA is that it requires the 

Federal Government to involve the public in the environmental review process” (CEQ 

2007a: 3).  Another CEQ report, A Citizen’s Guide to the NEPA: Having Your Voice Heard, 

explains: 

, or EIS) for directing federal agencies on how to comply 

with the declaration; and (3) it created the Council for Environmental Quality (CEQ) to 

provide agencies with procedural guidance for the implementation of environmental impact 

statements (Lindstrom and Smith 2001; Tickner et al. 1999).   

 

The environmental review process under NEPA provides an opportunity for you 
to be involved in the Federal agency decisionmaking [sic] process.  It will help 
you understand what the Federal agency is proposing, to offer your thoughts on 
alternative ways for the agency to accomplish what it is proposing, and to offer 
your comments on the agency’s analysis of the environmental effects of the 
proposed action and possible mitigation of potential harmful effects of such 
actions.  NEPA requires Federal agencies to consider environmental effects that 
include, among others, impacts on social, cultural, and economic resources, as 
well as natural resources.  Citizens often have valuable information about places 
and resources that they value and the potential environmental, social, and 
economic effects that proposed federal actions may have on those places and 
resources.  NEPA requirements provide you the means to work with the 
agencies so they can take your information into account.  (CEQ 2007b: 1) 

 

Section I02 of NEPA states that, to the “fullest extent possible”, environmental impact 

statements must detail (1) the environmental impact of the action; (2) any adverse 

environmental effects which cannot be avoided should the project be implemented; (3) 

                                                 
9 The required “predict-mitigate-implement” EIS methodology was intended to hold federal agencies 
accountable for environmental negligence; it also required federal agencies to explain the proposed project to 
potentially effected citizens during “scoping” meetings and to provide a public comment period (via public 
hearings and other means) following the completion of both the draft and final environmental impact 
statements (NEPA 1969). 
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alternatives to the proposed action; (4) the relationship between local short-term uses of 

man’s environment and the maintenance and enhancement of long-term productivity; and 

(5) any irreversible and irretrievable commitments of resources involved in the proposed 

action should it be implemented (NEPA 1969; CEQ 2007d; Lindstrom and Smith 2001).   

NEPA requires a “predict-mitigate-implement” methodology for predetermining the 

significance of environmental impacts (O’Brien 2002; Lindstrom and Smith 2001); it is 

synonymous with the command and control methodology (Gunderson and Holling 2002) 

discussed earlier in this chapter. 

 

Regulatory Ambiguity, Discretionary Authority, and Bias 

Despite its statutory recognition and affirmative vernacular, NEPA’s substance is 

undermined by (1) ambiguous language and (2) discretionary authority granted to regulatory 

agencies.  When a federal project is proposed, the defining of problems, framing of issues, 

establishing of parameters and impact areas, and the determination of the “significance” of 

predicted impacts is left to the discretion of the agencies that NEPA is intended to hold 

accountable.  According to Rees (1985: 326), “They were bound by law to consider the 

impacts of their activities… but how much weight was accorded to these effects was largely 

a matter of agency discretion… Inevitably the extent of intra-agency discretion over the 

content of their analyses was a further factor biasing the whole process towards the 

maintaining of the status quo”. 

NEPA requires that “unquantified environmental amenities and values” be considered, 

including the historic, cultural, economic, and social impacts of proposed federal actions 

(NEPA 1969); however, according to the Council on Environmental Quality (2003), “CEQ has 
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not provided guidance to Federal agencies about how to develop and integrate social, 

cultural, and economic analyses into the NEPA process.  The responsibility for developing 

and implementing such technical procedures has remained with individual agencies.” 

The conclusions of EIS are understood to represent the consensus of objective experts 

who understand the biophysical dynamics of the system in question.  However, the potential 

to integrate bias into policy studies is profound.  The proponent of a proposed project is 

responsible for the conducting the assessment and typically hires environmental consultants to 

perform them.  Suskind et al. (2001) explain that these consultants may be chosen because 

their “leanings” are known or because of their experience in dealing with the media and 

public on controversial projects.   

For example, while this study was conducted, Rosemont Copper proposed to develop a 

copper mine south of Tucson, Arizona; the company contracted with SWCA Environmental 

Consultants to prepare an environmental impact statement for the proposed mine.  SWCA’s 

website explains the organization’s expertise: 

 

Environmental regulation and public scrutiny presents unique challenges to the 
mining industry.  SWCA’s expertise in environmental studies and compliance has 
been a powerful tool in helping mining companies secure regulatory approval for 
their hard rock, sand, and gravel mining efforts as well as reclamation and 
restoration operations.  SWCA has provided permitting support for some of the 
nation's largest mining operations. (swca.com, last accessed May 2010; see SWCA 
2010) 
 

 

Environmental consultants contract with industry to perform the impact assessment; 

contacts are secured given the consultant’s experience and expertise in “helping companies 

secure regulatory approval”, and thus the process is financially beneficial to both the 

http://www.swca.com/�
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consultant and the mining company (the “elaborate ritual” is discussed in greater detail by 

Wynne 2009, 1996; O’Brien 2002; Suskind et al 2001; Lindstrom and Smith 2001). 

Because EIS are scientific-looking and technical documents, they require scientific and 

technical expertise to understand and critically interpret (O’Brien 2002); lacking this 

expertise, there is no way for the general public or layperson to ascertain their 

methodological adequacy, the feasibility of their mitigation methods, the appropriateness of 

their assumptions, or have the ability to discern realistic predictions from implausible ones.   

 

…a single independent scientist or a knowledgeable citizen will have difficulty 
arguing with the numbers that a risk assessor plugs into a hazard or exposure 
estimate.  Who is to say that the numbers such an individual would put into the 
exposure estimate are more accurate?  Who is to say that the research an 
individual cite is any more valid than the research the corporation has produced, 
or that the risk assessor cites?  If no research is available for a particular number 
that has been placed into a hazard or exposure model, how likely is it that a 
citizens report of what the number should be will be adopted if it shows more 
risk than the “expert” risk assessors number or the government agency’s 
estimated number? (O’Brien 2002: 25-26) 

 

Legal scholar Robert Glennon (2002: 10) offers an example from two impact-studies 

involving The Perrier Group of America: 

 

Perrier and other companies pay consultants handsome fees to obtain lucrative 
permits to pump [groundwater].  After a Perrier hydrologist in Wisconsin 
concluded that the company’s pumping would not damage the environment, the 
Sheboygan Press editorialized, “Pardon us for being skeptical, but what else 
could he say given that he’s on the company payroll.”  In Florida, Perrier 
proposed to pump 657 million gallons per year from a well near a spring, yet the 
companies hydrologist testified at a 1999 hearing that “[you] will not be able to 
detect a change in the nearby river’s flow.”  My hydrologist colleague… 
contemptuously dismisses hydrologists who make such extravagant claims as 
“hydrostitutes”. 
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Sophisticated computer models have the curious tendency of transforming ecological 

uncertainties into seemingly precise estimates of future risk: modelers and consultants may 

continue to assert great confidence in their conceptual accuracy and predictive reliability.  

However, a highly precise model is not necessarily the same thing as having an accurate 

representation of an ecosystem’s biophysical dynamics (Ackerman and Heinzerling 2004; 

O’Brien 2002; Holdgate 1978; Holling 1978; Greenberger 1976; Ludwig et al. 1993; Holling 

and Sanderson 1996; Jorgensen 1997; Oreskes et al. 1994).   

Whether intentional or not, bias may be obscured by a technical vernacular, complex 

mathematics, sophisticated modeling programs, and lack of transparency.  The Council on 

Environmental Quality acknowledged that many people “believe that agencies pre-decide 

projects, misinterpret or misrepresent environmental effects information, and do not 

conduct quality analyses” (CEQ 2003). 

By minimizing the presence of Type I errors (conclusions that there are or will be 

adverse impacts when none exist) at the expense of potential Type II errors (conclusions 

that there are or will be no adverse impacts when they do exist), EIS implies that 

development will be sustainable, minimizes expenses for achieving regulatory compliance, 

and provides decision-makers with the “expert consensus” that they prefer (Raffensperger 

and Tickner 1999; also see Bradshaw and Borchers 2000; Lindstrom and Smith 2001).   

 

Verification and Validation 

Once a proposed project has been permitted for development, Industry is legally 

compliant with regulatory requirements, receives significant legal protections from impacts 
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that occur subsequently, and there is no requirement to verify EIS data or validate EIS 

prediction. (O’Brien 2002; Lindstrom and Smith 2001).   

According to the Council on Environmental Quality: 

 

NEPA has generally been viewed as a non-recurring process focused on a 
specific proposal that terminates with the decision on whether and how to 
proceed with the proposed action. Generally speaking, agencies have not 
integrated the NEPA analyses and documents into the ongoing implementation 
and management of the action. Moreover, the information and analyses 
contained in NEPA documents are often not revisited to verify or update the 
accuracy of data, predictions, and/or the efficacy of mitigation options.  To a 
certain extent, the focus of the NEPA process has become the successful 
production of the NEPA document, the use of which is limited to the point in 
time a decision on the proposed action is made.  The full value of the resources 
expended in the NEPA process, therefore, frequently does not carry over into 
the actual implementation and management of the action. (CEQ 2007d: 3) 

 

Verification of a model demonstrates that it has been successfully calibrated: “The 

purpose of model verification is to establish greater confidence in the model by using the set 

of calibrated parameter values and stresses to reproduce a second set of field data” 

(Anderson and Woessner 1992b).  A model is said to be verified if it produces an acceptable 

match to an second set of independent data (i.e. not used during the model calibration 

process) without changing the calibrated parameter values10

                                                 
10  Verification of the model should not be confused with either the verification of the model’s governing equations 
or code verification, which the modeler performs earlier in the process (Anderson and Woessner 1992a; 
Anderson et al. 1993).  Code Verification is necessary to ascertain if the computer model is running and 
functioning properly: it indicates that the model “has been faithful in its conception, irrespective of whether or 
not it and its conception are valid” (Greenberg et al. 1976).  The process is “a necessary check that the 
mechanisms of the model are in fact doing what the modeler thinks they are doing” (Kitching 1983).   

.  If there is no second set of 

independent data, the model cannot be verified (Anderson and Woessner 1992a, 1992b; 

Woessner and Anderson 1996). 
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It is axiomatic that models of complex systems can never be validated; they can only be 

invalidated and refined over time by testing the extent to which they diverge from reality 

(Holdgate 1978; Holling 1978; Konikow and Bredehoeft 1992).  And while the iterative 

process of comparing model-predictions to field observations reveals model errors, a 

successful matching does not suggest the absence of errors (Oreskes et al 1994; Konikow 

and Bredehoeft 1992; Greenberg et al. 1976).   

“It is the central tenet of modern scientific method that hypotheses, including models, 

can never be proved right; they can only be proved wrong.  This is why the frequent claims 

of—and demands for—“valid” models in ecological management, impact assessment, and 

policy design, are so unsound” (Holling 1978: 95).   

The only method of determining a model’s predictive reliability is performing a postaudit: 

a comparison of model simulations to field observations after the prediction period has 

passed: “A model cannot be considered validated until sufficient testing has been performed 

to ensure an acceptable level of predictive accuracy… validation requires a postaudit… some 

20 years or more after the model has been run” (Anderson 1995: 82).   

While the literature on these audits is “extensive”, very few audits have been 

documented: “The fact that audits are rare is often attributed to institutional problems: 

audits are neither required by law nor routinely funded” (Wilson 1998).  And because there 

has been little research on either the efficacy of EIS prediction-techniques or audit-

methodologies, “it is possible for predictive techniques to be transferred from one EIS to 

another without authors ever knowing how well the techniques perform, or how appropriate 

they are for the intended application” (Tomlinson and Atkinson 1987; also see Wood 2000). 
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Postaudits generally occur after citizens, local scientists, or monitors observe unexpected 

signs of change; the subsequent “informal audits” investigate the specific observations, 

making them more practical than “scientific audits”, which are (rarely) designed congruently 

with the original EIS predictions (Wilson 1998).  Thus, the federally required process for 

predetermining environmental impacts prior to the approval of permits “is failing to 

maximize its potential to “learn from experience”” (Wood 2000).   

 

Limited Information 

Because impact-assessments are conducted at a single point in time, important ecological 

variables may be overlooked or assumed to be insignificant; the full-range of uncertainties is 

unlikely to be recognized; discerning the appropriate spatial and temporal scales for 

considering cumulative impacts is extremely difficult; and disturbance pressures deemed 

insignificant at one point in time may be quite significant under future conditions in an 

altered environment (Holling 1978; Konikow 1986).  Often, even information regarding the 

most basic ecological variables is unavailable and requires a great deal of “reasonable” or 

“expert” speculation, making assertions regarding an ecosystem’s assimilative capacity highly 

questionable (Raffensperger and Tickner 1999).   

Because EIS are infused with subjective judgment, the data required to provide a rational 

and objective assessment do not exist (Montague, 2006).  Even when data are available, they 

are often expressed as averages; given the numerous and unperceivable feedback 

mechanisms in natural systems, model simulations are unrealistic when parameters are 

expressed as constants (Jorgenson 1997).   
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Because knowledge of an ecosystem’s current and future conditions will always be 

incomplete, the predictive reliability of deterministic models is always to be questioned 

(Oreskes et al. 1994; Greenberg 1976; Konikow and Bredehoeft 1982).   

As such, any implication of expert consensus or scientific certainty regarding the ecosystem’s 

response to a proposed disturbance is delusory (Holing 1978; Holdgate 1978; Ludwig et al. 

1993; Gunderson and Holling 2002; O’Brien 2002).   

 

Alignment of Political and Private Interests 

When governmental priorities align with private interests, the objective balancing of 

economic benefits with environmental quality may be performed on scales of questionable 

calibration: “Where large and immediate gains are to be made, politicians and governments 

tend to ally themselves with special interest groups in order to facilitate the exploitation” 

(Ludwig et al. 1993).  Federal agency scientists involved in preparing EIS or granting permits 

may feel pressure to support politicized leadership that defends administration objectives 

(Bradshaw and Borchers 2000); local political interests may attempt to influence the results 

of EIS to achieve the short-term goals of job creation and economic growth (Lindstrom and 

Smith 2001; Suskind et al 2001).   

Whether through implied alliances or political and economic forces, impact-assessors 

often experience pressure to produce results favoring the proponents interests (O’Brien 

2002).  EPA Administrator William Ruckelshaus explained, “We should remember that risk 

assessment data can be like the captured spy: If you torture it long enough, it will tell you 

anything you want to know” (Ruckelshaus 1984, quoted in O’Brien 2002). 
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Congressman James Hansen (R-Utah), chair of the Resources Subcommittee on 

National Parks and Public Lands in the 106th Congress, affirmed, “NEPA simply serves as a 

tool of the bureaucrats to achieve desired results and predetermined decisions regardless of 

the public’s input” (quoted in Lindstrom and Smith 2001).   

 

Legal Interpretation 

The “predict-mitigate-implement” EIS methodology is promoted by private interests, 

favored by policy-makers, and upheld by the courts.  Simultaneously, the public participation 

aspect of the law occurs on an unlevel playing-field: laypersons lack the scientific training, 

credentials, time, and resources that are nearly unlimited to Industry, and regulatory agencies 

may be directed by political appointees from the industry they have been charged to oversee 

(O’Brien 2002).  When citizens and environmental groups counter the influence of Industry 

by hiring their own science and technology experts, the adversarial perspectives customarily 

become increasingly polarized and discourses increasingly simplistic, creating a 

“dysfunctional system of interest group acrimony and gridlock” (Cortner and Moote 1999).   

When public interest groups use EIS to force a more thorough consideration of 

proposed projects, the courts have established that “judicial decision cannot overturn the 

considered judgment of the executive” unless it can show the agency abused its discretionary 

authority (Rees 1985).  However, discretionary abuse can be obscured by a lack of 

transparency, complex mathematical models, and a technical vernacular.  Moreover, the 

courts have ruled that NEPA “only requires that [assessors] document compliance with its 

explicit and elaborate procedures for producing EIS” (Nelson-Espeland 2001), interpreting 
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the law as a procedural requirement rather than a mechanism for upholding the declaration 

of national values (Lindstrom and Smith 2001).  Thus, the quantitative methodology of EIS: 

 

…allows agencies to justify and defend their decisions to the courts, businesses, 
and the public in the guise of objective, unbiased numbers, avoiding mention of 
the values implicit in the decisions affecting public and environmental health.  
The approach is viewed as the “sound science” approach to decision making, 
where decisions are made on the basis of what we can quantify, without 
considering what we do not know or cannot quantify. (Raffensperger and 
Tickner 1999) 

 

In this manner, the methodology is an “innocent until proven guilty” procedure 

whereupon the environment and/or human health suffer the consequences of unrealistic 

assumptions or miscalculations from even the most well-meaning resource-managers 

(O’Brien 2002).  It may be argued that the impact assessment process has become less of an 

action-forcing mechanism for upholding the collective public-interest and has become more 

of an exploitable procedure to secure private economic-interests.   

In the end, NEPA “merely added a new procedure which had to be undertaken before 

formal decisions were made, it did not significantly alter the decision system per se… the 

relative weight given to environmental quality over the other possibly incompatible 

objectives of public policy is still determined by bureaucratic choice and the power of 

entrenched interests” (Rees 1985: 326). 
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Cognitive Dissonance 

 

The notion that ecological properties do not conform to economic principles generates 

much cognitive dissonance11

When new information about an ecosystem’s dynamics is generated, it can be integrated 

into existing understanding (potentially improving the likelihood of sustainable 

development), or it can be rejected in favor of established practice.  When resource 

managers reject new information because it conflicts with established norms, or private 

interests suppress or campaign to invalidate new information because it threatens potential 

revenues, or regulatory agency scientists ignore new information in support of politicized 

leadership, or technological experts summarily dismiss local knowledge 

 in the modern Capitalist state (Bradshaw and Borchers 2000): 

the dominant perspective of the natural world imbues ecological systems with the linear 

qualities of economic systems; the current scientific perspective of natural systems 

acknowledges their nonlinearity, unpredictability, and inimitable complexity.  Thus, two 

competing perspectives of nature exist: one is supported and promoted by vested interests, 

the other is perceived to undermine them.   

12

                                                 
11 According to Festinger (1957), Cognitive Dissonance is the psychological discomfort caused by holding two 
contradictory ideas simultaneously; the theory proposes that people have a natural desire to reduce cognitive 
dissonance by either changing their beliefs or attitudes, or by rationalizing or justifying rejecting the dissonant 
information: “Dissonance can be avoided by rejecting or avoiding information that challenges belief systems or 
by interpreting dissonant information in a biased way” (Bradshaw and Borchers 2000: 4). 

 as folkloric ignorance, 

then the status quo of natural resource development and ecosystem management is 

maintained.   

 
12 “Local Knowledge” or “Traditional Ecological Knowledge” is defined by Berkes (1999: 8) as “a cumulative 
body of knowledge, practice, and belief, evolving by adaptive processes and handed down through generations 
by cultural transmission, about the relationship of living things (including humans) with one another and with 
their environment.” 
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When the rejection of useful information is rationalized, it is a “pathological block” to 

constructive change; it increases dependence upon continued resource exploitation, and it 

creates a well-documented and highly predictable ecological trap (Holling 2006).  With a 

commitment to the conventional approach to sustainable development, ecosystems continue 

down increasingly vulnerable trajectories, natural resources continue to be overexploited, 

species continue to be lost, and coupled human-and-natural systems continue to drift toward 

collapse (Ludwig et al. 1993; Ludwig 2000; IPCC 2007; MEA 2005; Speth 2004; Bates et al. 

2008; Gunderson and Holling 2002; Berkes et a. 2003; Berkes and Folke 1998; Walker and 

Scott 2006; Gunderson et al. 1995).  
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2. WATER DEVELOPMENT IN THE AMERICAN WEST 

 

While modern scholars of the American West largely reject the premise of Frederick 

Jackson Turner’s (1893) Frontier Thesis, it continues to be invoked in celebration of the 

American exceptionalism  that distinguishes Western culture: “that coarseness and strength 

combined with acuteness and acquisitiveness; that practical inventive turn of mind... that 

restless, nervous energy; that dominant individualism…"   

Indeed, the regional geo-piety and hands-off culture of self-reliance is continually remade 

in the contemptuous rhetoric so habitually directed toward large, Eastern bureaucracy and its 

unremitting intrusions upon the free market.  Ironically, when the frontier thesis was published, 

its author had not traveled anywhere west of the Mississippi River: the propagandistic essay 

that distinguished American Exceptionalism was based entirely upon events that Turner 

experienced one summer in a temperate, sub-humid, Wisconsin landscape hundreds of miles 

east of the ninety-eighth meridian (Worster 1985).   

Ten years later, having been exposed to the arid and semi-arid landscape west of the 

100th meridian, Turner revised his famous article, explaining that the conditions west would 

overcome the physical and financial resources that any individual could muster.  The 

conditions of this West, unlike those of the Wisconsin-West, mandated cooperative labor and 

capital, and they required social rather than individual patterns of settlement.  In fact, Turner 

surmised, Western settlement would require an industrial ordering of such scale that it could 

only be generated by federal intervention (Turner 1903; Worster 1985).   

Collectively, Turner’s essays are to be appreciated in the context of nationalistic rhetoric 

rather than critical historic narrative.  Indeed, his original thesis (1893) appeared three years 
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after Congress had authorized the U.S. Geological Survey to conduct its survey of the West’s 

potential reservoir locations, and his revision (1903) was published one year after the 

Reclamation Act of 1902 was enacted.   

Three decades later, Bernard DeVoto (1934: 37), in his distinctive style, captured the 

reality and conditions of settlement in the arid and semi-arid landscape: 

 
It was a strange land, and all its strangeness came from the simple arithmetic of 
its rainfall.  A grudging land—it gave reluctant crops only.  A treacherous land—
its thin rain might fail without reason or warning, and then there would be no 
crops at all and the pioneer, who had been ignorant of drouths, promptly 
starved… A poisoned land—it was variously salted with strange earths which 
must be leached away before seeds could germinate.  And in the end as in the 
beginning, a dry land—so that all problems returned to the master problem of 
how to get enough water on land for which there could never be enough.  In 
sum, conditions that made unavailing everything that the pioneers had learned, 
conditions that had to be mastered from scratch if the last frontier was to be 
subdued. 

 

Finally, DeVoto summarily repudiated the romantic convention of Western settlement: 

 
And therefore, the final strangeness of the West: it was the place where the 
frontier culture broke down. The pioneer’s tradition of brawn and courage, 
initiative, individualism, and self-help was unavailing here.  He could not conquer 
this land until history caught up with him.  He had, that is, to ally himself with 
the force which our sentimental critics are sure he wanted to escape from: the 
Industrial Revolution…. The West, then, was born of industrialism (DeVoto 
1934: 38) 

 

Nonetheless, by the time a more realistic version of Western settlement had entered the 

discourse, the convention of American Exceptionalism had become deeply rooted. 

Modern scholars have turned away from the narrower investigations into individual 

successes in order to reveal the underlying social and ecological connections that allowed 

them.  From these broader perspectives, the West did not evolve from the blood, sweat, and 
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entrepreneurial tenacity of steadfast individuals, nor was it the natural evolution of a civilized 

society (i.e., creating opportunity through the Homestead Act of 1862; supporting 

opportunity via the transcontinental railroad; and subsequent passage of the Timber Culture 

Act of 1873, the Desert Land Act of 1877, etc).   

Underlying the historical benchmarks of Western Development was a social-ordering of 

competing and allied interests—common in ambition—that maneuvered and arranged to 

achieve a shared objective.  From these interactions emerged a western landscape 

characterized by political strong-arming, quasi-democratic social institutions, promotion of 

an engineering culture, nearly inexorable federal subsidization, economic folly, and cultural 

hubris.  And underlying their interactions was the rush and struggle for water (Devoto 1934; 

Stegner 1953; Renshaw 1957; Fuller 1965; Morgan 1971; Hundley 1975; Hollon 1975; 

Fradkin 1984; Worster 1985, 1994; Reisner 1986; Brown and Ingram 1987; Reisner and 

Bates 1990; Wilkinson 1992, 1999; Pisani 1992, 1996, 2002; Sheridan 1995, 1998; Gottlieb 

1998; Glennon 2002, 2009).   

By the end of the nineteenth century, nearly all of the West’s claimable waters had been 

appropriated by private interests: without massive projects for capturing, controlling, and 

transporting water to the waterless regions, and without the institutions that could fund, 

construct, and operate them, there would be limited water for new arrivals (Wilkinson 1992).   

Worster (1985) argued that the development of the West is best understood as “a 

modern hydraulic society… a social order based on the intensive, large-scale manipulation of 

water and its products in an arid setting”.  Sheridan13

                                                 
13 Sheridan provided the caveat that his feudal society analogy does not account for the subsequently confounding 
influences of consumer, environmentalist, and Native American interests.  

 (1998) explained that the historical 
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struggle for water in Arizona reflected a “feudal society of competing warlords… held 

together by a weak state”.  Harvard law professor Lon Fuller (1965), recalling life in 

California’s Imperial Valley, affirmed this social ordering of the West but disagreed with 

notions of undemocratic power structures: 

 
...there was nothing remotely suggesting tyranny or autocratic government… 
everyone had a sense of participating in the affairs of the [Irrigation] District.  
We were all parts, one of another.  One who has this sort of experience will be 
left, as I have been, with a lasting skepticism toward the notion that the frontier 
was a place of “individualism” where every man faced nature by himself. 

 

No matter the perspective, Turner’s resilient thesis recounts a simplistic mythology of 

the American West.  Worster (1985: 11) explains:   

 
…the West has tended to remain, against all evidence to the contrary, what it was 
in Thoreau’s time: a saga of individual enterprise, of men and women going out 
from civilization to carve with their own hands a livelihood from nature, a tale of 
release (or attempted release) from eastern form, tradition, and control…. but for 
most of its history and for most of its people the region has had a very different 
story to tell: one of people encountering difficult environments, of driving to 
overcome them through technological means, of creating the necessary social 
organization to do so, of leading on and on to indigenous bureaucracy and 
corporatism. 

 

By the mid-twentieth century, the western United States had become home to some of 

the largest and most expensive water control projects in the world.  Upheld as monuments 

of American initiative, ingenuity, and strength, these achievements also required the 

leveraging of powerful political and economic forces that were needed to suppress the voices 

of those who opposed them: such large-scale feats, it was believed by some, would lead to 

water monopolies, breed undemocratic political institutions, invite an unsustainable 
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population, and ensure continued governmental involvement (Powell 1878; Stegner 1953; 

Wilkinson 1992; Reisner 1986).   

Given the geopolitical and economic fervor of manifest destiny, however, such 

considerations were promptly invalidated and their advocates were summarily vilified.   

 

Modify Our Needs to Suit the Landscape 14

 

 

One of the most difficult operations for imperfect mortals is the making of 
distinctions, of stopping opinion and belief part way, of accepting qualified ideas.  
It is a capacity demanded by and presumably encouraged by a democratic 
process, and perhaps over a long period of time the history of America 
demonstrates its comforting presence among us as a people.  But the individual 
who can modify or correct beliefs molded by personal interests or the influences 
of his rearing is rare… It is easy to be wise in retrospect, uncommonly difficult in 
the event. (Wallace Stegner 1953: 215) 

 

John Wesley Powell’s exploration and survey of the West made him a heroic American 

icon; in the late nineteenth century, he was the most famous scientist in the United States.  

For his understanding of the West’s unique biophysical characteristics, he is revered as a 

visionary.  Not quite so well integrated into the nation’s collective reverence, however, is the 

campaign that was leveraged against Powell as he warned of the intrinsic limitations that 

characterized the arid and semi-arid landscape. 

Powell’s (1878) Report on the Lands of the Arid Region of the United States set forth a 

comprehensive “denial of almost every cherished fantasy and myth associated with the 

Westward migration and the American Dream… Powell was not only challenging political 

                                                 
14 Vernon (2004: vii) wrote, “There are two different ways of approaching issues of land use and 
development… One is to modify the land to suit our particular needs—or wants. The other is to modify our 
needs and wants to suit the limitations of the land and the environment.”  
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forces who used popular myths for a screen, he was challenging the myths themselves” 

(Stegner 1953: 212).    His recommendations were formulated to “permit an orderly 

settlement based on realistic expectations. His reasoning was both imbued with a desire to 

see a flourishing agrarian society and leavened with a practicality rooted in his knowledge of 

the region” (Wilkinson 1992: 236).  In the head-on manner for which he was known and 

caused him significant political trouble, Powell debunked the delusions of the status quo: “he 

did it deliberately and on nobody’s initiative but his own” (Stegner 1953: 212). 

Powell warned that the method of apportioning farmland, ranchland, and township 

allotments under the Homestead Act of 1862 was inappropriate for the western landscape. 

The Desert Land Act of 1877—using the same rectangular survey methods without 

acknowledging the need for water transport to claims without water—would “encourage 

monopolization while throwing dust in the public’s eyes” (Smith 1947, quoted in Stegner 

1953); the Timber Culture Act of 1873 and the Timber and Stone Act of 1878 would equally 

tempt settlers “into an enterprise with a sixty-six percent chance of failure” (Stegner 1953).   

Instead, Powell recommended that allotments needed to be scaled to the bio-physical 

characteristics and precipitation patterns of the region; farmlands and townships needed to 

be grouped to conform to watershed topographies; and the arbitrarily-drawn state borders 

needed to be redrawn to conform to watersheds to prevent interstate water conflicts.  Most 

significantly, Powell recognized the heterogeneity of Western watersheds and acknowledged 

the unique ecological characteristics and diversity of problems that would be encountered by 

newcomers.  For this reason alone, no single system of water-law could be appropriately 



 
 

61 
 

imposed upon the entire country.  Foremost, the Riparian Doctrine15

 

 of the sub-humid East 

was obviously inadequate for the arid and semi-arid West (Powell 1878; Wilkinson 1992).     

If the lands are surveyed in regular tracts as square miles or townships, all the 
water sufficient for a number of pasturage farms may fall entirely within one 
division.  If the lands are thus surveyed, only the divisions having water will be 
taken, and the farmer obtaining title to such a division or farm could practically 
occupy all the country adjacent by owning the water necessary for its use.  For 
this reason divisional surveys should conform to the topography, and be so made 
as to give the greatest number of water fronts.  For example, 200 acres of land 
might be made to serve for the irrigation of 20 acres to each of ten farms… and 
ten small farmers could have homes. But if the water was owned by one man, 
nine would be excluded from its benefits and nine tenths of the land would 
remain in the hands of the government (Powell 1878: 33). 

 

Powell believed that water rights needed to be inseparable from the land claim, not 

bought and sold like other forms of property.  Thus, to create the greatest number of 

productive properties, townships and productive lands would need to be drawn irregularly, 

but this would also prevent water-monopolies (Powell 1878; Stegner 1953).  

 

…if the land titles and water rights are severed, the owner of any tract of land is 
at the mercy of the owner of the water right… If the water rights fall into the 
hands of irrigating companies… the farmers then will be dependent upon the 
stock companies, and eventually the monopoly of water rights will be an 
intolerable burden to the people…  
 
If in the eagerness for present development a land and water system shall grow 
up in which the practical control of agriculture shall fall into the hands of water 
companies, evils will result therefrom that generations may not be able to 
correct, and the very men who are now lauded as benefactors to the country will, 
in the ungovernable reaction which is sure to come, be denounced as oppressors 
of the people…. The user right should attach to the land where used, not to the 

                                                 
15 The concept evolved from English Common Law: landowners bordering watercourses may make reasonable 
use of water, but the rights of one riparian owner may no infringe upon those of another; where water is limited 
among all riparians, allotments are usually proportioned to frontage. Non-riparian lands—those not bordering a 
water-body—have no water-right.   
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individual or company constructing the canals by which it is used.  The right to 
the water should inhere in the land where it is used; the priority of usage should 
secure the right. (Powell 1878: 53) 

 

Should land be apportioned as it was in the East, and should water-rights accumulate in 

the hands of irrigating companies, then large-scale water control and distribution projects 

would be required to transport water to outlying lands that lacked water rights.  Private 

capital would suffice for financing the smaller distribution projects, but this could lead to 

regional water monopolies.  Large-scale reservoirs would require federal funding, invite 

eastern bureaucracy, and invite population growth in excess of the region’s bio-physical 

limitations (Powell 1878; Wilkinson 1992). 

For suitable water management-institutions, Powell recommended local farmer co-ops 

based upon his observations among Utah’s successful Mormon communities, some self-

sufficient mining-districts in California, and the Hispanic ejidos in northern New Mexico 

(Powell 1878; Wilkinson 1992; Pisani 1992; Stegner 1953).  “From them he had also got a 

notion of how salutary cooperation could be as a way of life, how much less wasteful than 

competition unlimited, how much more susceptible to planning and intelligence, how much 

less destructive of human and natural resources” (Stegner 1953: 227).    

In the late nineteenth century, Powell recognized the clash between ecological principles 

and economic objectives — a conflict veiled by the rhetoric of “progress” and American 

exceptionalism, and one that is only beginning to be understood today16

                                                 
16   “Technological solutions focus on limited time scales of a particular problem. In consequence, they often 
create new problems at other time scales” (Westley et al. 2002: 117).  These solutions “tend to create spin-off 
problems that may appear remote in space and time.  At best these engage us in a recursive loop of endless 
problem solving.  At worst, they commit us to courses of action that turn out to be disastrous” (p. 113).  
Ongoing interventions generally exacerbate crises over the long-term (Schulze et al. 1996).   

.  However, Powell did 
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not advocate against the control and distribution of water, or against domesticating the 

environment.  Indeed, Powell espoused a staunch Jeffersonian ideology: “I say to the 

Government: Hands Off! Furnish the people with the institutions of justice, and let them do 

the work for themselves.” (in Sibley 1977).   

Simultaneously, however, Powell was a stubborn, countervailing force to the boosterism 

of western development: he promoted development on scales amenable to the bio-physical 

conditions of the landscape, and he envisioned self-sustaining agrarian-communities 

clustered around productive watersheds and governed by local cooperatives.  He wanted to 

protect the small-freeholder system from laws that would foster monopolies, encourage 

undemocratic institutions, and promote growth beyond the natural limitations of the arid 

and semi-arid landscape.  Indeed, “Powell was a man of big ideas about smallness” (Vernon 

2004: ix; also see Pisani 1992).     

 

Modify the Landscape to Suit Our Needs 

 

While Powell was advocating for the recommendations he’d set forth, Westerners had 

already institutionalized the means of water governance that they preferred.  The first-come 

first-served convention of hardrock mining law provided the foundation for Prior 

Appropriation, “the greatest legal innovation in the history of the arid West” (Pisani 1992).  

Through prior appropriation, anyone could divert water as long as it did not deprive prior 

appropriators from the water that they had already diverted (Getches 1997), and water rights 

were intentionally de-coupled from the land and could be bought and sold like other 

property.  In this manner, the doctrine encouraged maximum personal consumption without 
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consideration of reuse or preservation of quality.  And unlike other public resources, 

developers had the right to use water without having to pay for it (Glennon 2002; Wilkinson 

1992; Pisani 1992).   

 

 
Figure 1. The Doctrine of Prior Appropriation (Balleau and Mayer 1988) 

 

 

Through this system of allocation and governance, nearly all western waters had been 

privatized by the end of the nineteenth century.  Private water companies, largely unregulated 

until the end of the century, had acquired extensive legal powers and had “reclaimed” more 

land for irrigation than new farmers were demanding17

                                                 
17 According to the 1890 Census, more than 3.6 million acres of land had been opened for irrigation in the arid 
West, up from 0.3 million acres in 1870 (in Pisani 1992). 

; this increased water fees for existing 

farmers to the detriment of both the farms and the water companies.  Subsequently, farmers 

organized mutual companies as a more democratic and effective means of regional resource-

governance, but these organizations were unable to raise the funds required to construct 

large-scale diversion and distribution systems.  State legislatures authorized the development 

of quasi-governmental municipal corporations for the purpose of capturing, managing, 
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administering, and raising funds for these projects.  Beginning with California’s Wright Act 

of 1887, these self-governing Irrigation Districts had the power to tax individuals and 

businesses within district boundaries (objections from landowners were generally 

unsuccessful), issue tax-exempt bonds, receive federal subsidies, and lobby congress on 

water development projects18

By the end of the nineteenth century even, larger-scale water projects were needed.  In 

1888 (ten years after Powell’s Arid Lands Report was published), the 50th Congress directed 

the U.S. Geological Survey to conduct a comprehensive study of the potential irrigable lands 

and reservoir sites in the West.  Powell, now the Director of the U.S. Geological Survey, had 

the opportunity to implement his proposition.  In 1889, the General Land Office closed all 

public lands west of the 101st meridian to settlement until after the survey’s completion.  It 

also invalidated former claims, constituting the largest withdrawal of public lands in US 

history (Wilkinson 1992; Stegner 1953).   

.  Most of these institutions had autonomy from both taxation 

and public accountability, and they held significant political and economic influence given 

the resources under their control (Wilkinson 1992; Pisani 1992; Getches 1997; Reisner 1986; 

Hundley 1975).   

The federal government’s acquisition of resources was an abomination to Western 

conservatism, and western interests were not about to allow eastern bureaucrats to 

restructure, control, and govern western waters (Sheridan 1998).  In 1890, Congress cut its 

                                                 
18 Powell, too, foresaw the value of local Irrigation Districts; however, as he advocated for low-level reservoirs 
and freeholder-communities scaled to match local watersheds, and as he did not envision water projects of the 
scale that they exist today, it is illogical to argue that Powell had in mind, or would have supported, Irrigation 
Districts in their modern context given the extraordinary political and economic power they exercise. 
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funding to the Survey and the General Land Office withdrew its closure of public lands 

(Wilkinson 1992).   

From 1890 through 1894, Powell endured a smear campaign initiated by private interests 

and bolstered by the very politicians who originally sought his assistance.  In 1894, Powell—

geographer, ethnographer, Director of the US Geological Survey, iconic American 

figurehead, and ecological visionary—was drummed out of office (Wilkinson 1992, 1999; 

Pisani 1992; Reisner 1986; Stegner 1953).   

Powell died in 1902, the same year that The Reclamation Act was passed.  Despite its 

Powell-esque language, the Reclamation Act and movement would become known for its 

nearly inexorable development of massive water control and distribution projects, matched 

in scale only by the fiscal problems that plagued the agency through much of the twentieth 

century (Pisani 2002, 1992; Wilkinson 1992; Reisner 1986; Stegner 1953).  Yet while the scale 

of Reclamation’s water projects has diminished, agency rhetoric has not.  Reclamation’s 

website describes the history of the Colorado River thusly: 

 

Both water and power were within reach and obtainable, being wasted in the 
roaring floods of the Colorado River. Instead of dealing death and destruction 
these floods could be transformed to an inexhaustible source of comfort and 
convenience for mankind. (USBR 2009) 

 

Powell’s arid lands report “was a sober and foresighted warning about the consequences 

of trying to impose on a dry country the habits that have been formed in a wet one” 

(Vernon 2004).  Despite his influence on the wording of the Reclamation Act, he would 

have little influence on the nature of Western development: not low-level reservoirs and 

local water-distribution systems, but some of the largest and most expensive water control 
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and distribution systems in the world; not small-scale, locally governed farmer-cooperatives, 

but quasi-governmental irrigator-corporations with the ability to tax residents, issue bonds, 

lobby congress, and receive federal subsidies; not regional agrarian-communities clustered 

around productive watersheds, but massive commercial monocultures growing sub-humid 

crops in arid landscapes irrigated by water transported from hundreds of miles away.   

Today, Western waters are controlled, commoditized, managed, and distributed via 

command-and-control methodologies; more than 27 million people in the arid and semi-arid 

West are dependent upon the Colorado River for water and electricity.  Having “internalized 

the ruling ideas” (Worster 1985), Western residents feel unbounded from the limitations of 

the arid landscape.  And their cultural identity — that rugged, hands-off individualism, 

contemptuous of governmental impositions upon God-given freedoms — it continues to 

endure as it has for more than a century: it is sustained by some of the world’s largest, most 

expensive, and federally funded water projects that provide Westerners with the most basic 

of all needs.   

The rhetoric of the West was affirmed by Patricia Mulroy (General Manager of the Las 

Vegas Valley Water District and principal of the Southern Nevada Water Authority) who 

implored: “I can sit here in 1995 and I can say to John Wesley Powell — You were wrong!.. 

We’ve engineered our way out of that problem.  We have put so many dams and reservoirs 

on that system that there is adequate water in the Colorado River!” (Mulroy 1995, in PBS 

documentary based upon Reisner’s Cadillac Desert, 1985).  

Fourteen years later, in the early twenty-first century, and still at the helm of the Las 

Vegas Valley Water District, Mulroy’s perception of the Colorado had changed: “We in the 

Colorado River water community… recognize that the river is short” (Mulroy 2009).   
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Her perspective for dealing with the shortage, however, had not: 

 
…aren’t there opportunities to begin to move water out of these drenched parts 
of the country [in the eastern US], provide them with necessary flood control 
that they’re going to need so badly [given global warming projections] and begin 
to take some of the uses on the Colorado River system off Colorado River water 
and move them farther to the East?  We’ve taken water from the West now for 
100 years; maybe it’s time to start taking water from the East rather than from 
the West. (Mulroy’s 2009) 
 

* 

 

It has been argued that the control of Western waters became “increasingly a coercive, 

monolithic, and hierarchical system, ruled by a power elite based upon the ownership of 

capital and expertise” (Worster 1985).  Others dismiss this perspective, countering that local 

institutions would, in time, assume control of federal water projects; that Reclamation was 

only successful where it had generated partnerships with local and state governments; that 

reclamation through private water companies, mutual companies, and irrigation districts 

served more land than did federal reclamation; and that such perspectives ignore the political 

and economic context of the period (Pisani 1989, 1992, 2002).   

The common feature of these objections, I will argue, is their remarkably narrow and 

ethnocentric field-of-view: to assess whether or not the control and distribution of water has 

been conducted on a level playing field, if the laws are fair, if the processes are democratic, if 

the benefits are proportional, and if the costs are equally distributed — most certainly we 

need to expand our investigation beyond which level of government is now running the local 

water office. 
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Within the practice and interpretation of historical narrative there lingers the subtle 

intimation that at some point along our collective historical evolution modern society became 

distinctly separate from that era of resource-conquest.  While it is true that local quasi-

governmental municipal corporations have assumed the control of water projects that were 

built, financed, and operated by the federal government, and fairer means of water 

governance have developed throughout the twentieth century, these transformations do not 

account for the political and economic forces that mediate democracy, influence legal 

structures, and determine the amount of harm that is safe for people and the environment to 

absorb.  

We are not detached from that era of resource conquest.  Rather, having “internalized the 

ruling ideas” (Worster 1985), we are, through our technoscientific means, the ignoble 

continuation of it.   

Whether or not the control of natural resources is an increasingly coercive, monolithic, and 

hierarchical system ruled by a power-elite largely depends, I will argue, quite simply upon which end 

of the pipeline one lives. 
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3.  ARIZONA’S LARGEST RENEWABLE WATER SOURCE 

 

In 1968, President Lyndon Johnson signed the Colorado River Basin Protection Act 

authorizing the construction of the Central Arizona Project (CAP).  At that time, the canal 

was intended to augment groundwater overdraft by transporting Colorado River water to 

south-central Arizona where it would be used for recharging depleted aquifers and for 

agricultural, industrial, and municipal needs (Carpenter 1999).  The CAP website explains:  

 
The state of Arizona is suffering from a 2.5 million acre foot groundwater 
overdraft.  This means that 2.5 million acre-feet of groundwater are being 
removed from the ground faster than nature can replace it. This can cause 
serious structural damage to homes, agricultural lands and industry. In an effort 
to offset this problem, CAP was authorized to counteract the overdraft by 
providing an alternative source of surface water. (CAP 2009)   

 

However, it is inaccurate to portray the massive canal as a twentieth-century solution to 

groundwater overexploitation, for the origin of the Central Arizona Project—the largest and 

most expensive “lifted” canal system in the world—dates to the mid-nineteenth century 

(Sheridan 1995).  Long before Arizona had become a state, residents of Arizona territory 

recognized that the Colorado River was wasting millions of acre-feet into Mexico’s Sea of 

Cortez.  And as California’s Imperial Valley turned green given the re-directed water from 

the Colorado River, Arizonan’s believed that their own canal would be the key to bringing 

millions of acres under irrigation, to growing the industrial economy, to luring urban 

development, and to turning Phoenix into an international center of commerce (Sheridan 

1995; Wilkinson 1999).   
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The canal would be a means to prosperity — not a $5 billion remedy to groundwater 

overexploitation: 

 
It was the reclamation of that simmering, desolate waste, barren almost literally 
of every form of life, in that amazing truck garden now known as the Imperial 
Valley that aroused the world-wide interest among practical people…. The 
astounding value of the farm-fairyland of the desert burst upon the money-
hungry laborer like the story of a bonanza strike, and throughout the Colorado 
Basin, as elsewhere, there was a rush to those valleys and flats where water might 
be diverted to create wealth out of products of the soil. (Kruckman 1924) 

 

By 1950, the Central Arizona Project Association had launched its campaign to drum-up 

support for the massive canal: “Colorado River water will benefit the same number of 

people in Arizona as in Southern California…. If might makes right, if the bigger state can 

swallow up the resources of the smaller state regardless of legal question, then we wasted a 

lot of lives fighting Hitler and we are wasting a lot of energy trying to stave off Communism 

in this world of ours” (CAPA 1950). 

Completed in 1993, the Central Arizona Project is a marvel of modern engineering: every 

year the canal pumps approximately 1.6 million acre feet of Colorado River water uphill 

nearly 3,000 vertical feet during its 336 mile journey across the Sonoran desert: it is 

“Arizona’s largest single renewable water source” (CAP 2008).   

The scale and reach of the industrial network that is required to bring the CAP to life, 

however, are less well recognized.  And in the familiar headlines regarding increasing 

demands on Colorado River water, interstate water negotiations, transboundary water 

conflicts, and on the river’s potentially decreasing flow, recognition of and concern 

stemming from the CAP’s coal-energy power source are not well understood.   
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It is easiest to conceptualize this massive infrastructure of canals, power plants, pipelines, 

and coal mines by outlining the CAP’s principal components and following them to their 

point of origination.  In this manner, we begin in metropolitan Arizona, where renewable 

water from the Colorado River is deposited into overdrawn aquifers, and we follow the 

network to a coal-energy complex in northern Arizona that withdraws non-renewable “fossil” 

groundwater from an aquifer beneath Native American reservation lands.  

 

The Grand Plan 

 

The Colorado Plateau is an arid and semi-arid eco-region that encompasses 210,000 km2 

(130,500 mi2) of Arizona, New Mexico, Colorado, and Utah.  It is recognized for its 

extensive, picturesque geological features that have been naturally sculpted into mesas, 

plateaus, and incised drainages.  In the lower, sparsely vegetated elevations (around 1,500 m, 

or 5,000 ft above sea level), the Colorado Plateau is generally arid, while the more heavily 

forested upper-elevations (as high as 3,700 m, or 12,000 ft above sea level) are semi-arid and 

receive most precipitation in the form of snow19

With huge deposits of coal, natural gas, tar sands, oil, the world’s largest deposits of oil 

shale, and 59% of the United States’ uranium supply, the Colorado Plateau is “among the 

.   

                                                 
19 Throughout the twentieth century, precipitation rates on the Colorado Plateau were highly variable: 
“Precipitation, along with other climate variables, affects the spatial scale, frequency, and magnitude of natural 
disturbances to the ecosystem as well as the recovery rates from natural and human disturbances” (Hereford et 
al. 2002).  Recent studies suggest that the Colorado Plateau may be entering into a dry period comparable to 
the drought of 1942-1977 (Hereford et al. 2002; Schmidt and Webb 2001; Cayan et al. 1999; Swetnam and 
Betancourt 1998).  Since that time, the Plateau’s population has increased fourfold; the Scripps Institute 
(Barnett and Pierce 2008, 2009) demonstrated that, during the early twenty-first century, increasing population 
pressure and global warming may threaten the water and hydroelectricity needs of the 27 million people that 
are dependent upon the Colorado River’s flow.  
 



 
 

73 
 

greatest storehouses of natural resources found anywhere in the world” (Wilkinson 1999).  

Accompanying this extraordinary mineral wealth, the region is also among the most bio-

culturally and ethno-linguistically diverse eco-regions in North America:  twenty-two Native 

American languages or dialects continue to be spoken alongside English, Spanish, and 

Basque (Nabhan et al. 2002; Maffi, 2002; Wheeler 2009). 

 

 
Figure 2. Native American Lands on the Colorado Plateau (FGDC 2005) 

 
 

By the beginning of the twentieth century, a ring of urban-industrial centers evolved 

around the Plateau’s periphery20

                                                 
20 Including Denver, Santa Fe, Albuquerque, El Paso, Tucson, Phoenix, Las Vegas, San Diego, Los Angeles, 
San Francisco, Salt Lake City, Reno, and Boise. 

; by mid-century, they had diminished the local energy and 
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water resources required to sustain their extraordinary growth, and private interests began 

strategizing to develop the Colorado Plateau’s natural resources.   

At a time prior to the existence of substantive environmental law, and during a period 

when the Plateau was populated almost exclusively by Native Americans, a consortium of 

twenty-three municipalities, private corporations, and utility companies formed Western 

Energy Supply and Transmission Associates21

The Grand Plan would culminate in a massive complex of coal mines, coal fired power 

plants, hydroelectric dams, canals, and high-voltage transmission lines that would transport 

the energy and water resources from the Plateau’s interior to the cities on its periphery 

(Wilkinson 1999).  When completed, WEST’s energy-complex would produce more than 

three times the power generated by the Tennessee Valley Authority, eight times more than 

Russia’s Bratsk project, and seventeen times more than Egypt’s Aswan Dam  (Churchill 

1999; TIME 1964).  The scale of the energy-output provided by WEST’s infrastructure was 

hard to comprehend and unmatched throughout the world: 

 (WEST) to carry out what James Mulloy (Los 

Angeles Department of Water and Power) referred to as “the Grand Plan” (Wheeler 2009; 

Wiley and Gottlieb 1982; Wilkinson 1999). 

 

The hypertrophic scale of Colorado Plateau development projects has been a 
natural byproduct of the extreme isolation and fierce impenetrability of the land. 
Due to formidable transportation and engineering costs, industrial development 
has always been far more costly on the Plateau than in most other parts of the 

                                                 
21 The consortium included Arizona Public Service Company, Central Arizona Project, El Paso Electric, El 
Paso Natural Gas, Public Service of New Mexico, Southern California Edison, Tucson Gas and Electric, Salt 
River Project, Texas Eastern Transmission Company, Los Angeles Water and Power, San Diego Gas and 
Electric, Nevada Power Company, Utah Power and Light, Public Service Company of Colorado, and Pacific 
Gas and Electric, among others.   
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world. To justify enormous infrastructure costs, each new scheme must be large 
enough to generate proportionately huge returns on investment. (Wheeler 2009) 

 

Construction and operations of WEST’s coal-energy infrastructure commenced between 

1955 and 1975, a period that Charles Wilkinson (1999) refers to as “The Big Buildup on the 

Colorado Plateau… one of the most prodigious peacetime exercises of industrial might in 

the history of the world”.   

Dick Walter Reeves, WEST’s first President and head of the Public Service Company of 

New Mexico, boasted that the “Grand Plan” would create thousands of new jobs in the 

Southwest, and because it would externalize development costs through federal subsidies, 

the projected profits for WEST and its corporate affiliates22 were expected to be 

extraordinary23

Black Mesa, Arizona, was the “linchpin” to WEST’s Grand Plan and the Big Buildup on 

the Colorado Plateau (Wilkinson 1999).  With extraordinary deposits of highly valued, low 

sulfur-content coal and the groundwater needed for mine operations and coal transport, 

securing the rights to develop Black Mesa’s natural resources would allow the development 

of a massive coal-energy infrastructure that could support much of the metropolitan 

Southwest (Wilkinson 1999; Glennon 2002; Clemmer 2005). 

 (TIME 1964, Churchill 1999).   

 
                                                 
22 WEST was closely connected to the so-called “Six Companies” that dominated dam and other large-scale 
civil construction projects: Bechtel; Kaiser; Utah International; Utah Construction and Mining; MacDonald-
Kahn; and Morrison-Knudson (Churchill 1999). 
 
23  WEST continues to have extraordinary influence in the politics of coal-energy development in the United 
States.  In February 2005, the U.S. Office of the Inspector General reported that EPA officials ordered their 
own experts to set standards for mercury reductions in coal-fired power plant emissions based upon 
information provided to EPA by WEST Associates.  An EPA staff member commented, “I don’t think anyone 
has ever seen as much political influence in the development of a rule… everything about this rule was decided 
at a political level” (Rohrman 2005).  
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Arizona 

 

Phoenix and Tucson, Arizona are located in the northern Sonoran Desert.  Given the 

region’s low precipitation (averaging 203 and 305 mm per year, respectively), and high rate 

of potential evapotranspiration (exceeding 1,524 mm per year), irrigation is required for 

conventional agricultural.  Because the region lacks substantive surface waters, groundwater 

has been used for irrigation, mining, and municipal needs since 1900 (Carpenter 1999).   

In 1903, the Bureau of Reclamation developed a series of reservoirs, dams, and canals in 

the Salt River Valley to maximize the region’s potential for agricultural and urban 

development; the Salt River project was Reclamation’s first multipurpose water-project.  

When Arizona became the nation’s forty-eighth state in 1912, Phoenix had approximately 

12,000 residents and desired to become a major metropolitan center (Tucson had 14,000 

residents but favored preserving its Hispanic heritage over swift urban development).   

By the end of WWII, the population of Phoenix had exploded to 250,000; Reclamation’s 

Salt River Project had transformed Phoenix into the largest city in the Southwest24

In 1946, the Central Arizona Project Association (CAPA) formed to lobby congress for 

authorization of a canal that would transport water from the Colorado River to south-central 

Arizona, and to “educate” residents and tribes about Arizona’s right to Colorado River water 

and the benefit of the canal (CAP 2008; also see Wilkinson 1999; Sheridan 1998, 1995).   

 

(Wilkinson 1999; Sheridan 1998).   

                                                 
24 SRP included Granite Reef Dam (1906), which replaced Arizona Dam that washed away in 1905.  Other 
structures include Theodore Roosevelt Dam (1911) at Roosevelt Lake; Mormon Flat Dam (1925) at Canyon 
Lake; Horse Mesa Dam (1927) at Apache Lake; Stewart Mountain Dam (1930) at Saguaro Lake; Bartlett Dam 
(1939) at Bartlett Lake; and Horseshoe Dam (1946) at Horseshoe Lake.  By 2008, nine canals had been 
constructed, meandering 131 miles throughout the Phoenix metro area. 
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Land subsidence was first confirmed in 1948, near Eloy.  In the 1950s, Arizona had 

become the fastest growing state in the nation, and earth fissures—ground-failures in areas 

of uneven or differential compaction that are often induced by excessive groundwater 

withdrawals—had begun to form around Phoenix, Tucson, and the agricultural lands in 

Pinal, Maricopa, and Cochise counties.  Areas experiencing the greatest subsidence 

correlated with those extracting the largest volume of groundwater, and the U.S. Geological 

Survey reported that “some of the most spectacular examples of subsidence-related earth 

fissures occur in south-central Arizona” (Carpenter 1999; Figure 5).   

 

 
Figure 3. Earth fissures near Picacho, Arizona (Carpenter 1999) 

 

In 1964, Lawrence Mehren, Chairman of the Central Arizona Project Association, spoke 

about the seriousness of “Arizona’s Water Problems” to the Los Angeles Chamber of 
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Commerce Water, Power, and Agricultural Committees.  Hoping to build support for the 

Central Arizona Project among California’s business community, Mehren explained: 

 

What has the overdraft of 2,250,000 acre feet of groundwater per year done to 
the water table below us?.. When we broke the desert in 1931, the water level 
stood at 98’ below the surface. Today it stands at 400’.  Most of the drop has 
been in the last 15 years… the meager rainfall is not a factor in supplying the 4 ½ 
acre-feet of water I need to grow my crops; I have to pull every gallon of it from 
underground. (Mehren 1964) 
 

In 1968, Congress authorized construction of the Central Arizona Project (CAP); its 

primary objective was to help conserve Arizona’s groundwater by augmenting its use 

through the delivery of Colorado River water to the interior basins where it would be used 

for irrigation, industry, and municipal needs. Excess CAP water would be used to recharge 

depleted groundwater aquifers (Carpenter 1999; Sheridan 1995, 1998; CAP 2008).     

In 1980, the state passed the Arizona Groundwater Management Act to manage the state’s 

limited groundwater resources and prevent severe overdraft; more than 50 fissures had been 

mapped by that time.  Groundwater levels had fallen between 300 and 500 feet in most 

metropolitan and agricultural areas, at least 100 feet in all them (Carpenter 1999).   

In 1985, the Central Arizona Project made its first deliveries to the Harquahala Valley 

Irrigation District west of Phoenix.  In the early 1990s, Tucson groundwater levels continued 

to decline with corresponding subsidence in some areas, and subsidence at Luke Air Force 

Base reversed the directional flow of rainfall-drainage, flooding the base.  The Picacho basin 

between Tucson and Phoenix continued to experience subsidence despite the recovery of 

150 feet in some areas; fissures forced the canal to be re-routed from its original path and 

damaged the canal at several locations after its completion (Figure 6; Carpenter 1999).   
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Figure 4. Fissure crossing the Central Arizona Project (Carpenter 1999) 

 

In 2000, the population of Phoenix was 3.25 million, and the CAP celebrated record 

water deliveries, allocating its total capacity of 1.5 million acre-feet to its customers in central 

and southern Arizona.  In 2007, Phoenix received 7.49 inches of rain, the third driest year on 

record.  In 2008, the population of Phoenix exceeded 4.26 million people, making it the fifth 

largest city in the United States; Tucson’s population just reached 1 million.  That year, 

Phoenix received only 9.58 inches of rain, the fourteenth wettest year on record.   
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Colorado River 

 

The headwaters of the Colorado River originate in the high country of the semi-arid 

Southwest, draining a watershed of approximately 244,000 mi2 and flowing approximately 

1,470 miles to the Gulf of California; the river serves seven states and thirteen Native 

American tribes before entering Mexico.  The historic struggle for rights to the Colorado’s 

water stems largely from California’s potential to consume its entire flow although its 

tributaries contribute almost nothing to it (GCT 2007).   

 

…this instinctive impulse to preserve their water capital for the future is 
aggravated by a lively sense of apparent injustice because the popular mind 
regards the metropolitan section of Southern California as a bold interloper, 
making a raid upon their liquid treasure by force of might rather than by force of 
right.  For the metropolitan section of Southern California is not within the 
geographical boundaries of the Colorado Basin.  (Kruckman 1924) 

 

In 1922, the river’s seven watershed states negotiated the Colorado River Compact, 

delineating the four Upper Basin states—Wyoming, Utah, Colorado, and New Mexico—

from the three Lower Basin states—Arizona, Nevada, and California (Figure 7).  The 

Compact apportioned the river’s flow equally based upon the estimated “normal” annual 

flow of 16.4 million acre-feet (maf) per year at the dividing line between the upper and lower 

basins (at Lee’s Ferry, AZ); the Lower Basin was also granted an extra right to “increase its 

beneficial consumptive use of such waters by 1,000,000 acre-feet per annum” (CRC 1922).  

Mexico’s share of 1.5 maf would be taken from the two basins’ surpluses; when unavailable, 

the share would be drawn from equal reductions of the two basins.   
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Figure 5. The Colorado River watershed (Eden and Megdal 2006) 
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In total, 7.5 maf were allocated to the Upper Basin, 7.5 maf were allocated to the Lower 

Basin (plus the additional 1 maf), and 1.5 maf were allocated to Mexico — an over-allocation 

of 1.1 maf.  Reisner (1986) remarked that the Colorado “is referred to as a ‘deficit’ river, as if 

the river were somehow at fault for its overuse” 25

Arizona ratified the compact in 1944 — the last of the Lower-Basin states to do so: 

Arizona received 2.8 maf, California 4.4 maf, and Nevada 0.3 maf of the lower-basin’s total 

7.5 maf (GCT 2007; CRC 1922; Sheridan 1998; CAP 2008).   

.  The Colorado River Compact did not 

address, nor did it make any provisions for, shortages from the river’s estimated “normal” 

flow. 

With their share the river fixed, Arizonans could focus their efforts on securing federal 

funding to construct their canal, and the newly formed Central Arizona Project Association 

(CAPA) began its campaign to drum-up support for the canal, educate Arizona’s about its 

value, and lobby Congress to authorize its construction. 

 

 

 

                                                 
25   More than twenty five million people currently depend upon the Colorado River for water and energy; its 
waters are pumped hundreds of miles to Phoenix, Tucson, and many cities outside of its watershed, including 
Los Angeles, San Diego, Albuquerque, Denver, and Salt Lake City (Glennon 2002).  In 2008, a study 
conducted at the Scripps Institution demonstrated that if there are no changes in the Colorado River’s water 
allocations, “there is a 10% chance that the live storage in Lakes Mead and Powell will by gone by 2013 and a 
50% chance that it will be gone by 2021”, and there is a 50% chance that minimum pool levels for generating 
hydroelectricity at Hoover and Glenn Canyon Dams will be reached by 2017 (Barnett and Pierce 2008).    In 
2008, Sharon Megdal, Director of the Water Resources Research Center, and Kathy Jocobs, Director of the 
Arizona Water Institute, commented that the Scripps study was reason for concern but that it did not signify a 
crisis (KUAT 2008).   In 2009, the U.S. Bureau of Reclamation reported that Lake Mead’s surface elevation was 
continuing to fall — the result of ongoing drought and increased water demands; the lake was at 43% of its full 
capacity, its lowest level since 1965 (it took 19 years to return to full capacity). Lake Mead was projected to 
decline another 14 ft through the summer of 2009 (USBR 2009). In their 2009 update of the 2008 study, 
Barnett and Pierce reaffirmed their conclusions (Barnett and Pierce 2009). 



 
 

83 
 

Central Arizona Project    

 

[The CAP] will cost $708,280,000 at 1947 high-cost estimates.  Construction 
costs in 1950 on Reclamation projects are running 12 to 20 percent under 1947 
estimates.  If an arbitrary 15 percent cut, which is a reasonable assumption, took 
place, the Central Arizona Project would cost about $595,000,000, which is a far 
cry from the billion and a half dollars California propagandists claim will be 
spent. 
 
…The Central Arizona Project will lift Colorado River Water 985 feet.  Whether 
that’s higher than the statue of liberty, the Washington Monument, or the 
Golden Gate Bridge is of no more consequence than whether it is higher than 
your front doorstep—as long as the lift is economical and feasible.  The Bureau 
of Reclamation’s top engineers say it is feasible from both engineering and 
economic standpoints.  A proof the Bureau engineers are right can be seen in 
California’s success in lifting Colorado River water… (CAPA 1950) 

 

When President Johnson signed the Colorado River Basin Project Act in 1968, he not only 

authorized the Bureau of Reclamation (USBR) to build the Central Arizona Project, he also 

designated Reclamation as the lead participant-owner of the Navajo Generating Station 

(NGS), a proposed coal-fired power plant considered to be “the most feasible means for 

supplying electrical energy for the Central Arizona Project” (USBR 1972).  Reclamation’s 

majority 24.3 % share of NGS’s total output, approximately 547,000 kilowatts, was estimated 

to provide sufficient electricity to power the CAP.   

In 1971, Congress appropriated the $1.5 billion estimated for the CAP’s construction; 

USBR and Bechtel Corporation began construction in 1973.  The canal’s fifteen pumping 

plants and the first one hundred miles were finished in 1985.  When it was considered 

complete in 1993, its total cost had exceeded $4 billion (CAP 2009).  To date, total 

investment in the CAP exceeds $5 billion (Jenkins 2006). 
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Figure 6. CAPA literature for “educating” Arizonans and Indians (CAPA 1950) 
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The CAP is the largest “lifted” canal system in the world; it is regarded as “Arizona’s 

largest single source of renewable water” (CAP 2008).  Transporting 1.5 million acre-feet of 

Colorado River water per year, the canal-system climbs more than 2,900 vertical feet along 

its 336 mile journey across the Sonoran Desert, the Phoenix valley, and southern Arizona 

(Figure 9).  The entire system is monitored and operated from the Control Center at CAP 

headquarters in north Phoenix, and it is managed a three-county municipal-corporation, the 

Central Arizona Water Conservation District26

CAP customers fall into three groups: (1) municipal and industrial users, comprised of 

cities and water utilities that treat and deliver drinking water to homes, commercial buildings, 

and Industry; (2) agricultural users, which are primarily large irrigation districts; and (3) 

Native American communities, which contract with CAP through the federal government.  

Excess CAP water is deposited or “banked” in seven groundwater recharge projects near 

Phoenix and Tucson (CAP 2008).   

  (CAP 2008).   

 

                                                 
26  In May 2008, CAP co-founded of The Water Policy Institute (WPI), a political think-tank created to “address 
water-related issues and provide information to the public through its website… The members of the institute 
are water leaders representing water districts, multi-national companies, and energy companies”.  Other 
founders include energy giant British Petroleum (BP) and GE Water.  WPI is chaired by former EPA Director 
Christine Todd Whitman who now runs the consulting / lobbying firm Whitman Strategy Group.   WPI is 
directed by founder Kathy Robb of Hunton & Williams LLP, the law firm that unsuccessfully argued in the 
Supreme Court that the Clean Air Act does not give the EPA the right to regulate carbon dioxide 
(Massachusetts v. EPA).  Congressional Quarterly (Adams 2008) reported that Whitman “is now helping bring 
clients to the law firm of Hunton & Williams as Chairwoman of its new Water Policy Institute… Whitman’s 
firm will get an undisclosed fee for its work.”  Whitman Strategy Group’s first client was FMC Corporation, a 
chemical and pesticide company responsible for 136 Superfund sites and the target of 47 EPA enforcement 
actions. The WPI website does not list its members: ”Membership in the Institute is by invitation only.” See 
http://www.hunton.com/Resources/Sites/general.aspx?id=527.  The WPI website is part of the website for 
Hunton & Williams. 

http://www.hunton.com/Resources/Sites/general.aspx?id=527�
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Figure 7. Map of the Central Arizona Project (CAP 2008) 

 

  The CAP’s fifteen pumping plants consume more than 2.5 billion kilowatt-hours of 

electricity per year, making it by far the largest single energy consumer in Arizona.  The 

system requires more energy than 140,000 homes use in a year, accruing an hourly energy-

bill of $9,000 to $12,000 (Navigato 2008), or approximately $6.6 to $8.8 million per month, 

or $78.9 to $105.2 million per year.  Running twenty-four hours a day, the systems utilizes an 

on-peak/off-peak power schedule to maximize pumping during off-peak hours when energy 

is less expensive due to lower demand (CAP 2008).  

 

 



 
 

87 
 

Salt River Project 

 

The Central Arizona Project purchases electricity from the Salt River Project, the 

nation’s third largest electricity utility company.  Today, SRP is comprised of the Salt River 

Valley Users’ Association  and the Salt River Project Agricultural Improvement and Power District; its 

portfolio includes ownership in eleven electricity generation stations (coal, nuclear, oil, and 

natural gas), seven hydroelectric plants, and energy purchasing agreements with four 

hydroelectric stations on the Colorado River.  SRP “has helped shape the West for more 

than 100 years and made it possible for millions to live in the desert and enjoy a bustling 

economy in metropolitan Phoenix” (SRP 2008).  It  is the principle non-federal participant in, 

and is the exclusive operator of, the Navajo Generating Station.   

 

Navajo Generating Station  

 

The Navajo Generating Station will be Arizona’s largest electrical generating 
station.  It will be the third power-generating station to be built under the Western 
Energy Supply and Transmission (WEST) Associates concept in which participating 
utilities cooperate in extensive regional planning of generating and transmission 
facilities and coordinate their investment in such facilities. Generating plants, much 
larger than any single utility would need, are constructed and operated by groups of 
utilities achieving economies that the participants could not otherwise experience. 
This practice helps to keep consumers’ power costs low and makes protection of 
the environment more feasible. (USBR 1972: 31). 
 

Engineered by Bechtel, the Navajo Generating Station (NGS) is a massive 2,310 

megawatt coal-fired power plant running three units using conventional pulverized coal 
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technology27

In 1971, Ed Phelps, Senior Vice-President of Operations for Peabody Coal Company, 

stated “It takes water to condense the steam and it takes a great deal of water so our purpose 

was to find coal and water and put them together in a package that would be attractive to the 

utility industry” (Phelps 1971).  Phelps found his water in the Colorado River behind Glenn 

Canyon Dam; he found his coal at Black Mesa, Arizona.   

, each generating 770,000 kilowatts.  When completed, NGS was one of the 

largest coal-fired power plants in the world (Wheeler 2009; SRP 2009). 

NGS was built on the southern edge of Lake Powell (Navajo land) to ensure the annual 

34,100 acre-feet of water required to cool its three units.  The water-intakes were 

constructed on a cliff overlooking the lake, extracting water from 230 feet beneath the lake’s 

surface (at full-pool capacity) to ensure a water supply during periods of drought (USBR 

1972; USNPS 2005). 

Today, NGS is still one of the largest coal fired power plants in the United States; it 

consumes 23,000 tons of coal daily, some 8,000,000 tons annually (USBR 1972; Wheeler 

2009; SRP 2009).  After the Bureau of Reclamation allocates its 24.3% majority share of 

NGS electricity to the Central Arizona Project, the power plant’s non-federal Participant-

owners28

NGS is fueled exclusively by coal that comes from Black Mesa, Arizona, which is 

developed by Peabody Energy, Inc.  

 sell their electricity to California, Nevada, and Arizona.   

 

                                                 
27  The three units came Online in 1974, 1975, and 1976 (SRP 2009).   
 
28  The Salt River Project (21.7%); Los Angeles Department of Water and Power (21.2%); Arizona Public 
Service Company (14%); Nevada Power (11.3%); and Tucson Electric Power (7.5%) (USBR 1971; SRP 2009). 
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 Figure 8. Navajo Generating Station and Lake Powell near Page, AZ. 
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Peabody Western Coal Company 

 

Peabody Western Coal Company29

On 1 February 1964, Peabody Coal, a subsidiary of Sentry Royalty Company, entered 

into a lease agreement with the Diné (Navajo) Nation through the Department of Interior, 

Bureau of Indian Affairs (BIA), to mine coal on 24,858 acres of reservation land on Black 

Mesa, Arizona.  On 6 June 1966, Peabody entered into lease agreements with both the Diné 

Nation and Hopi Tribe (through BIA), expanding the mine another 40,000 acres (Figure 7). 

 is a subsidiary of Peabody Energy, Inc. (NYSE: 

BTU), the world’s largest private-sector coal company.  Founded in Chicago in 1883, 

Peabody creates approximately 10% of the electricity produced in the United States and 

approximately 3% of worldwide production.  It holds majority interests in 40 coal mining 

operations around the world, and it was the first American company to develop coal in 

China.  In 2008, Peabody generated $6.6 billion in revenues, and Peabody CEO Gregory 

Boyce was compensated $11.95 million (Peabody 2009).   

Peabody was something of an interlocutor in these lease transactions because, 

technically, Department of Interior agencies performed the roles of both buyer and seller of 

coal.  The Bureau of Indian Affairs mediated the lease agreements on behalf of the Diné and 

Hopi: BIA sold the coal.  The Bureau of Reclamation is the lead participant-owner in the 

Navajo Generating Station and the Central Arizona Project; USBR bought the coal. 

                                                 
29 Bechtel Corporation was a part of a consortium that acquired and owned Peabody Western Coal Company 
in the late 1970s through the late 1990s.  Bechtel—having close ties with WEST Associates—was involved in 
the construction and development of the CAP, NGS, and BM-K. 
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Peabody planned intensive mining of approximately 400 acres annually for 35 years to 

meet its contractual agreement with the owners of the Navajo Generating Station.  The lease 

states that both the Navajo Nation and Hopi Tribe would be paid 25 cents per ton for coal 

sold off the reservation and 20 cents per ton for coal sold on the reservation.   

Although there are no significant bodies of surface-water on Black Mesa, the original 

Peabody leases made no specific provision for groundwater use for mine’s operations. 

 

Black Mesa-Kayenta Coal Mine 

 

Black Mesa is a major geographic feature on the southern Colorado Plateau; it is 

comprised of approximately 2,000 mi2 of mesas, incised drainages, and flat plains.  Its 

northern and northeastern sides are contoured by 2,000-foot-high cliffs that slope gradually 

to the south and southwest.   

The region receives between 6 and 14 inches of precipitation per year, most in the form 

of snow in the upper elevations (highest point ≈ 8,200 ft. above sea level); surface water 

runoff follows the southwestern slope, draining between the mesas (≈ 4,700-5,800 ft. above 

sea level).  Numerous reliable springs and seeps occur throughout the region making it more 

suitable for habitation in comparison to the surrounding desert (Truini and Macy 2008).  It is 

believed that native peoples have lived in the region for more than 7,000 years.  Today, 

Native American residents living on Black Mesa continue to rely upon the springs and 

runoff for their traditional dryland farming methods (USGS 2007; Clemmer 1995; James 

1994; Dozier 1970; Hack 1942; Whiting 1939).   
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Figure 9. Topographic features of the Black Mesa area (in Macy 2010) 
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Compared to other coal in the West, Black Mesa coal is considered to be a superior 

quality of bituminous coal given its high heating value of 11,000 Btu, very low sulfur content 

of 0.58%, and low fly-ash content of 8% (USBR 1971; SWETF 1972f).  These characteristics 

make Black Mesa coal highly valuable as more heat is produced per pound than other 

western coals while costing less to maintain compliance with environmental standards.  

There is evidence that Black Mesa coal is even more valuable than USBR originally reported.  

Glennon (2002) reported that Black Mesa coal is not bituminous, but a higher quality 

anthracite; Wilkinson (1999) reported its heating value “off the charts” at 13,000 Btu. 

The 65,000 acres leased to Peabody actually designates the mineral rights of two 

contiguous mines.  Annually, the Kayenta Coal Mine transports 8,000,000 tons of coal eighty 

miles to the Navajo Generating Station via two fully automated electric trains. The Black 

Mesa Coal Mine transports 5,000,000 tons of coal 275 miles to the Mohave Generating 

Station near Laughlin, NV via coal-slurry pipeline.  The Navajo and Mohave Generating 

Station were estimated to “produce enough power to meet the normal needs of a city of 

3,750,000 people” (Mullins, 1970).   

The Black Mesa Complex is the largest open-pit coal mine on earth30

 

 (ADWR 2006).  

Mohave Generating Station 

 

Like the Navajo Generating Station, the Mohave Generating Station (MGS) provides 

energy for pumping Colorado River Water to residents throughout southern California and 

                                                 
30 This was true when the Arizona Department of Water Resources produced its 2006 report.  Recently, a series 
mines in Wyoming’s Powder River Basin overtook Black Mesa as the largest open pit coal mine. 
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to provide electricity to its growing metropolitan and agricultural areas (Nabhan 2004).  

Engineered by Bechtel, MGS consists of two 755-megawatt coal-fired steam electric 

generating units that create 1,510-megawatts of energy.   

Construction of MGS began in 1967, the units became functional in 1971 and 1972.  At 

full capacity, MGS consumed an estimated 16,000 tons daily (5,000,000 tons annually), 

supplied exclusively by the Black Mesa Coal Mine.  The plant is a base-load unit (operating 

full-time without interruption) operations cease only for maintenance or regulatory reasons, 

such as opacity, the regulated density of the plume as it exits the stacks (SCE 2008).   

Southern California Edison—the majority owner with 56% share in MGS—receives 

20% of the electricity it provides to all of its customers from the plant.  Other participant-

owners include Arizona’s Salt River Project (20%); the Nevada Power Company (14%); and 

the Los Angeles Department of Water and Power (10%).  Coal is transported 275 miles 

from the Black Mesa Mine to the Mohave Generating Station via the Black Mesa Pipeline, 

the only coal-slurry delivery system in the world (SCE 2008; USBR 1971, 1972).   

A 1972 letter from L.E. DeCamp, Associate Deputy Assistant Administrator for the 

Environmental Protection Agency’s Water Programs Division, to the Southwest Energy 

Task Force, states:  

 

Considerable problems have occurred at the Mohave Power Plant because of 
malfunctions in the centrifuge system.  Large quantities of water are being wasted 
at this plant.  In addition to having being granted 10 percent of the State of 
Nevada’s water allotment from the Colorado River Compact, this plant also 
receives the water used in slurry transport.  A waste management program 
should be instituted. (SWETF 1972d: 163) 

 

 



 
 

95 
 

 
 Figure 10. The Mohave Generating Station near Laughlin, Nevada 
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Black Mesa Pipeline 

 

Formed in 1966, Black Mesa Pipeline, Inc. is currently owned by ONEOK Partners GP, 

L.L.C., one of the largest publicly traded limited partnerships in the United States; ONEOK 

acquires and manages pipelines and other energy assets and is a leader in the processing, 

storage, and transportation of natural gas (BMPL 2007; ONEOK 2009).   

Engineered by Bechtel, construction of the pipeline began in April 1969 and was 

completed in November 1970; total cost of development was approximately $39 million.  A 

processing plant (Figure 13) in the mine’s lease-area reduces coal to near-powder form.  An 

impact-crusher reduces dry coal to 1/4-inch nuggets which are then fed to a rod-mill where 

nuggets are pulverized to “8 mesh” size.  The pulverized coal is then mixed with water to a 

50/50 ratio by weight and forms the slurry-mixture which is between 46 and 48 percent 

solids; a centrifugal charge-pump releases the slurry into the mainline high-pressure pumps 

whereupon the slurry begins transport to the Mohave Generating Station.  

The pipeline is divided into four sections that correspond to the four pumping stations 

along its 275 mile route (Figure 14); elevations range from 6,600 to 500 feet above sea-level.   

In the case of maintenance or emergency, each pump station is equipped with a dump-pond 

large enough to hold that segment’s contents.  Slurry is propelled through high-pressure, 18 

inch-diameter, welded-steel pipe at a velocity of 5.8 feet per second.  The journey from Black 

Mesa, Arizona to Laughlin, Nevada takes approximately 2.8 days; coal is delivered at a rate 

of 630 to 660 short tons per hour, or approximately 5 million tons per year (USBR 1971, 

1972). 
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Figure 11. The coal-slurry processing plant (BMPI 2008) 

 

 
Figure 12. Black Mesa Complex, pipeline, railway, and associated power plants 
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At full-capacity, the pipeline can hold 46,000 tons of slurry and is capable of delivering 

nearly 6 million tons of coal annually.  Given the rugged terrain that it crosses, the pipeline is 

buried a minimum of three feet below land-surface, and is taped and padded to prevent 

damage from the surrounding volcanic strata (USBR 1971, 1972.   

Peabody estimated that the mine would withdrawal an average of 2,400 acre-feet per year 

from the Navajo Aquifer over the 35 year lease period (84,000 acre-feet total).  Because the 

pipeline’s maximum capacity is 3,200 af/y, the maximum withdrawal in any single year 

would not exceed 3,100 (USBR 1972), or 3,200 af/y (Mullins 1970).   

Managed electronically from the preparation plant, the Black Mesa Pipeline pumped 

coal-slurry to the Mohave Generating Station for more than 34 years (1970-2005), when the 

owners of MGS chose to shut down the power plant rather than have it retrofitted for 

emissions controls.  

  

 
Figure 13. Installation of the Black Mesa Pipeline (EPA 2007) 
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Navajo Aquifer 

 

The Navajo Sandstone Aquifer (N-aquifer) is the primary source of potable water 

throughout Black Mesa’s 5,400 mi2 hydrologic area; it is comprised of three hydraulically 

connected formations—the Navajo Sandstone, the Kayenta Formation, and the Lukachukai 

Member of the Wingate Sandstone—that function as a single aquifer (Truini and Macy 2008; 

Figure 16).  Hydrology consultants for Peabody originally estimated the volume of 

groundwater stored in the N-aquifer at 10,000,000 acre-feet (Stetson 1966; USBR 1971, 

1972; SWETF 1972).   

The N-aquifer is thickest in the north-northwest, thinning to extinction on the southern 

and southeastern boundaries.  Overlying stratigraphy prevents recharge throughout Black 

Mesa’s 2,000 mi2 geographic boundary where the N-aquifer is confined; the total area of the 

confined, or artesian, conditions accounts for approximately 3,300 mi2 (Figure 17).   

Around Black Mesa’s periphery, however, the aquifer is mostly unconfined and recharge 

is believed to occur in a small area where the Navajo Sandstone is exposed on the northwest 

side of the mesa in the highlands near Shonto, Arizona.  Recharge flows to the Southwestern 

and southeastern portions of the aquifer, discharging into Moenkopi Wash, Laguna Creek, 

and from springs in incised southwest-trending drainages (Truini and Macy 2008). 
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Figure 14. Hydrogeological units of Black Mesa (in Truini and Macy 2007) 
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Figure 15. Confined and unconfined N-aquifer (in Truini and Macy 2008) 
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Between 1946 and 1950, the USGS and BIA investigated the groundwater resources 

throughout the Hopi and Navajo lands to (1) determine the feasibility of developing 

groundwater supplies for “stock, institutional, and industrial uses in particular areas and at 

several hundred well-sites scattered throughout the reservation”; (2) inventory wells and 

springs; (3) investigate hydrology and geology; and (4) ascertain the potential water supply 

for future water development.  These investigations have been integrated into a single USGS 

report (Cooley et al. 1969) which continues to be the most comprehensive survey of Black 

Mesa resources to date31

In the 1980s, USGS estimated recharge at 13,000 to 16,000 af/y (Eychaner 1983; Brown 

and Eychaner 1988).  In 1997, USGS estimated that more than 90% of N-Aquifer water is 

greater than 10,000 years old, and may be 35,000 years old where it discharges (Lopes and 

Hoffman 1997).  This study re-estimated recharge at 2,500 to 3,500 af/y, and is considered 

USGS’s best estimate of recharge to date.  Subsequently, Peabody hydrology consultants 

estimated recharge of the N-aquifer that supported OSM’s initially estimate of 13,000 af/y 

(Zhu et al. 1998; Zhu 2000).   

.   

Peabody Coal Company’s water supply is derived from a series of wells completed to a 

depth of approximately 3,600 feet; they are cased and cement grouted to a depth of 2,000 

feet below the surface to prevent pumping water from shallower aquifers, which are isolated 

                                                 
31  This report incorporates Kister and Hatchett’s (1963) analysis of groundwater chemistry; and Davis et al. 
(1963) compiled a large data set during the 1950s on Black Mesa wells and springs. Cooley et al. (1969) 
provides most of the baseline information for the pre-stress period for all subsequent groundwater models; it is 
an updated version of Cooley et al (1964). 
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from the N-aquifer by impermeable layers of shale (USBR 1972; Mullins 1970): “The Navajo 

Aquifer is among the most thoroughly studied aquifers in the nation” (Peabody 200432

Peabody monitors the conditions of the N-aquifer within the lease-area, and the USGS 

monitors conditions of the N-aquifer outside of the lease-area; both institutions generate 

annual monitoring reports. 

).   

 

Monitoring 

 

In 1971, in response to Hopi and Navajo concerns, the U.S. Geological Survey (USGS), 

in cooperation with the Arizona Department of Water Resources (ADWR), implemented 

the Black Mesa Monitoring Program to monitor the groundwater, surface-water, and water-

chemistry of the N-aquifer. The Bureau of Indian Affairs (BIA) joined the effort in 1983.  

Since then, the Navajo Tribal Utility Authority, Western Navajo Agency, Chinle Agency, 

Hopi Tribe, Hopi Agency of the BIA, and Peabody Energy joined the effort (USGS 2007).   

The original monitoring program planned: (1) a series of wells will be drilled between the 

mine operation and nearby communities; (2) stream gauging stations will be placed on 

washes downstream from the mine to measure change in water quality; (3) sedimentation 

samples will be taken from the washes immediately following heavy rains to determine if any 

sediment is being washed downstream as a result of mining activities; and (4) data will be 

collected systematically and made available to interested parties (USBR 1972).   

                                                 
32  This page on the Peabody website was last accessed on 5/20/2006: 
http://peabodyenergy.com/stewardship/AzAct-navajoaquifer.asp  

http://peabodyenergy.com/stewardship/AzAct-navajoaquifer.asp�
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The annual USGS reports summarize N-aquifer conditions from monitoring stations 

throughout Black Mesa’s 5,400 mi2 hydrologic area; it does not include the Peabody lease 

area (USGS 2007).  Funding for the Black Mesa Monitoring Program is acquired each year 

through proposals submitted by USGS to the Bureau of Indian Affairs.  Peabody is 

contractually required to produce its “Annual Hydrological Report” describing the 

conditions from monitoring stations within the lease-area (OSM-CHIA 1898, 2008).   

In May 1971, then Secretary of the Interior Morton ordered the formation of The 

Southwest Energy Task Force to re-assess the region’s need for energy, the alternative means of 

supplying it, and the potential environmental impacts caused by the existing and proposed 

coal-fired power plants.  The summary of the Task Force’s final report explained: 

 

The Federal Government… shares the public environmental concerns.  The 
Department of Interior, with direct responsibility for management of the federal 
coal resources and with trusteeship of the Indian coal resources, initiated the 
Southwest Energy Study. The purpose of the study was to develop an 
information base and public dialogue that would guide needed early decisions 
and identify the additional new information and alternatives required to facilitate 
future decisions involving long-term choices. (SWETF 1972a) 

 

In 1974, Interior’s Report on Water for Energy in the Upper Colorado Basin concluded that 

extensive groundwater use for energy production would be possible “only on a limited-time 

basis, providing that depleted streamflow, water quality, and other environmental impacts 

were acceptable to the user and public” (USDOI 1974, quoted in Wilson and Flance 1978).   

In 1977, the Science and Public Policy Program at the University of Oklahoma released its 

Progress Report of a Technology Assessment of Western Energy Resource Development, warning “...if 
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Indians are ultimately found to hold prior and paramount [water] rights, existing allocations 

and appropriations among and within western states could be seriously affected” (SPP 1977).   

Despite the recommendations of these reports, no comprehensive study regarding 

potential environmental impacts has been conducted.   

 

Regulation 

 

The Surface Mining Control and Reclamation Act of 1977 (SMCRA) created the Office of 

Surface Mining Reclamation and Enforcement (OSM) to ensure Industry’s compliance with the 

federal health, safety, and environmental regulations for active mines and to enforce new 

reclamation standards for inactive mines.  Prior to these regulations, states’ oversight of 

mines was generally lax because mining companies could threaten to move their operations 

to states with less stringent regulations if they were pressured to maintain high standards.  

SMCRA intended to counter Industry’s overall lowering of environmental standards.  With 

its passage, states already organized to enforce standards that were “no less stringent than” 

SMCRA’s were allowed to self-regulate active mines; OSM assumed oversight in states that 

did not have formalized standards or means of enforcement (see osmre.gov; SMCRA 1977).   

On Native American lands (being Federal Trust lands), OSM: 

 
has regulatory authority for coal mining operations that occur on Indian lands in 
the Western United States. As such, OSMRE… is responsible for the review and 
decisions on all applications to conduct mining operations and, if a mining 
permit is issued, OSM is responsible for inspection of the mines to ensure that 
the public and the environment is protected. (OSM 2008) 
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Pursuant to SMCRA, OSM performed a Cumulative Hydrological Impact Assessment (CHIA) 

for ascertaining the cumulative impacts from mining throughout the development period 

and selected “indicator parameters to evaluate at sites where significant change to the 

hydrologic balance may be important” (OSM-CHIA 1989).  These parameters are intended 

to provide "a means of keeping the big picture of hydrologic impacts before the regulatory 

authority at all times, so that if the accumulated impacts reach potentially damaging 

magnitudes, they can be dealt with in a timely manner” (OSM 1985).  In a synthesis of the 

annual USGS reports, Peabody reports, OSM produces an annual report using the CHIA 

criteria to evaluate the condition of the N-aquifer relative to industrial withdrawals. 

 

Hopi Tribe 

 

The Hopi are a sovereign Native American people residing in twelve independent, 

nucleated villages (Pueblos) on the southern end of Black Mesa, Arizona; their modern 

geopolitical boundaries comprise approximately 2,530 mi2.  The Hopi have lived on Black 

Mesa for at least 1,500 years, and are irrefutably the regions first inhabitants.  Settled around 

1100 AD, the Third Mesa village of Oraibi is recognized as the oldest continuously inhabited 

village in the United States.   

 

 

 

 

 



 
 

107 
 

Figure 16. Hopi villages on Black Mesa, Arizona (in Page and Page 1994) 
 

Today’s Puebloans are the descendents of the Anasazi tradition and also express 

characteristics of the Mogollon tradition.  Some 6,000+ Hopi live within the reservation 

boundary and there are more than 11,000 enrolled tribal members.  Sustaining themselves in 

an arid and semi-arid landscape, the Hopi are particularly revered for their skills and tradition 

as dryland farmers (HCPO 2008; Clemmer 1995; James 1994). 

 

Diné Nation 

 

The Diné—or Navajo, as the European-Americans have come to call them—are an 

“interjascent” Nation to the Hopi (Dutton 1983): their modern geopolitical boundary 

completely encapsulates that of the Hopi’s (Figure 19).   There is little consensus regarding 

when the nomadic Diné entered the Southwest from their original homelands of Alaska’s 
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interior and western Canada; however, there is little evidence that they had been in the 

Southwest long before the Spaniards in mid-sixteenth century (Cordell 1997). 

 

 

Figure 17. Geo-political boundaries of Diné and Hopi lands (HCPO 2005) 
 

The Diné first signed a treaty for land rights in 1868.  While the Hopi never signed such 

a treaty, President Chester Arthur signed an executive order in 1882 allocating some 2.5 

million acres to the Hopi, including most of Black Mesa.  They pressed the US government 

for more land; three subsequent expansions, in 1884, 1900, and 1934 culminated in a 

reservation that completely surrounds their Puebloan neighbors.  In 1962, a district court 

ruled that both tribes had rights to some of Black Mesa’s land, creating the “Joint-Use Area” 

— further reducing the Hopi’s reservation-lands.  Today, the Diné are a prominent tribe 
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with the fastest population growth of any North American Indian Tribe; their geopolitical 

boundaries comprise approximately 26,000 mi2 of the Four Corners region, formerly 

occupied by the Puebloans’ ancestors, the Anasazi (Wilkinson 1999; Cordell 1997).   

The residence pattern of the Diné is dispersed and includes limited farming, adapted 

from the Puebloans, and livestock raising, adapted from the Spanish (Cordell 1997).    

 

Summary: Water Flows Uphill 

 

In the West, water flows uphill—towards money.  If the aphorism is true, then concurrently, 

water must also flow “away from the poor and powerless” (Brown and Ingram 1983).   

In 1964, a consortium of private interests implemented a plan to transport the energy 

and water resources from the Colorado Plateau’s interior to the cities outlying its perimeter.  

Shortly thereafter, Congress authorized construction of the largest and most expensive 

“lifted” canal system in the world, creating Arizona’s largest source of renewable water and 

largest consumer of non-renewable energy.   

Electricity for the canal would come from the Navajo Generating Station, one of the 

largest coal-fired power plants on earth, which would be fueled by the Black Mesa-Kayenta 

Coal Mine, the largest open-pit coal mine on earth, which is operated by Peabody Western 

Coal Company, the largest coal company on earth.  The mine would also fuel the Mohave 

Generating Station, via the only coal-slurry pipeline on earth.  Water needed for mine-

operations is pumped from a non-renewable groundwater aquifer beneath the lands inhabited 

by the Hopi and Diné, among the most impoverished ethnic minorities in the United States.  
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It is in this manner—withdrawing non-renewable groundwater from the Native American lands in 

northern Arizona—that Arizona’s largest source of renewable water is re-directed from the 

Colorado River, lifted nearly 3,000 feet, transported more than 300 miles, and deposited into 

aquifers that southern Arizona depleted in less than a century.  It is a command-and-control 

ideology that is used to overcome the natural limitations of an arid landscape; it is the linear, 

technoscientific logic through which “Arizona’s largest single renewable water source” is 

generated; and it is the cultural exclusivity through which “Arizonans” are assured 

“sustainable growth for current and future populations” (CAP 2008).   
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PART II:  MODERN GROUNDWATER EXPLOITATION 
 
 
 

 
 
 
 
 

Water-resource scientists are concerned that some basic principles are being 
overlooked by water managers…. Perhaps the most common misconception in 
groundwater hydrology is that a water budget of an area determines the 
magnitude of possible groundwater development. Several well-known 
hydrologists have addressed this misconception and attempted to dispel it.  
Somehow, though, it persists and continues to color decisions by the water-
management community.  

Bredehoeft, Papdopulos, and Cooper (1982) 
 Scientific Basis of Water Resource Management 

 
 
 
 
Sustainable groundwater development has almost nothing to do with recharge... 
However, I continue to hear my colleagues say they are studying the recharge in 
order to size a development… The water-budget as it is usually applied to scale 
development is a myth—Theis said this in 1940.  Yet the profession continues to 
perpetuate this wrong paradigm.   

Bredehoeft (1997) 
 
 
 
 

The impacts projected from the N-aquifer simulation are overestimated… at no 
time does the total withdrawal from the system exceed the recharge to the 
system. 

OSM (EIS 1990: IV-24) 
Environmental Impact Statement for the 

Black Mesa-Kayenta Mine 
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4.   GROUNDWATER: AN OVERVIEW 

 

Freshwater accounts for less than 3% of all the water on earth; however, more than half 

of this is locked up in polar ice and glaciers, and only 0.0072% is found in lakes, rivers, 

streams, marshes, and other wetlands.  The remaining 1.7% is stored in groundwater 

aquifers, but more than half of this is brackish (0.94%), leaving only 0.76% available for 

human use.  Thus, in total, approximately 0.77% of all the water on earth is available for 

human consumption (Gleick 1996; Moench 2004; UNWWAP 2003).   

Because it is relatively inexpensive to extract and generally provides a swift return on 

investment, legal systems have been permissive of groundwater exploitation (Glennon 2002).  

However, despite the sophistication of modern hydrogeological-engineering and modeling, 

determining “sustainable” rates of groundwater development has proven to be an arduous 

and often contentious endeavor.  Often hidden beneath numerous layers of strata, 

ascertaining the structural and functional properties of large groundwater aquifers is 

especially difficult given their spatial and temporal randomness, the infeasibility of 

comprehensive sampling, and the potential for conceptual and measurement error (NRC 

1990; Bredehoeft 1997, 2002; Sophocleous 1997, 1998, 2000). 

Today groundwater comprises a major portion of the world’s total water budget, but 

much of this is pumped from nonrenewable aquifers that accumulated over thousands or 

millions of years, have very low recharge rates, and are renewable only in geologic timescales.  

Given inadequate legal protections and the complexity of hydrogeological dynamics, the 

sustainable exploitation of large groundwater systems is rarely achieved (Palaniappan and 

Gleick 2008; Moench 2004; Hutchinson and Herrmann 2008; UN/WWAP 2003). 
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Groundwater Law 

 

Through the final decades of the nineteenth century, John Wesley Powell advocated 

against adopting a single water policy for the entire United States, arguing that the doctrine 

of riparian rights, as enforced in the sub-humid east, was inappropriate for the arid and semi-

arid West, and the doctrine of prior appropriation would foster undemocratic social 

institutions, invite a population exceeding the region’s natural limitations, and ensure 

ongoing federal involvement in resource control and distribution.  More than a century later, 

despite these admonitions, there is general agreement that water policy in the West evolved 

in support of short-term economic objectives rather than long-term hydrological realities: 

 

As the history of riparianism and prior appropriation suggests, legal rules 
promoted economic development and created private property rights in water…. 
the rules encouraged waste and placed no importance on protecting the 
environment.  Thanks to the federal government, enormous growth has occurred 
in areas that lack water resources… we have engineered an elaborate 
infrastructure that ignores Mother Nature’s hydrologic boundaries at an 
enormous cost to the environment. (Glennon 2002: 21) 

 

The inadequacy of modern groundwater law has been traced and attributed to an 1894 

article by Clesson S. Kinney, A Treatise on the Law of Irrigation (in Glennon 2002).  Not unlike 

Frederick Jackson Turner’s flawed-but-resilient frontier thesis, Kinney established an 

enduring foundation for groundwater law despite the hydrogeological principles that would 

prove it unsound.  He reasoned that because some groundwater resources functioned as 

unimpeded subsurface-continuations of their surface-water counterparts, the first-in-time first-

in-right doctrine of prior appropriation applied, along with its intrinsic hoarding-ethic to 
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maximize one’s reasonable use.  In times of shortage, the last to appropriate are the first to go 

without water; subsequently, groundwater aquifers were oversubscribed, water-tables 

dropped, subsidence and earth-fissures ensued, surface-waters were depleted, and 

biodiversity diminished. 

Fernandez (1987) and Stetson (1981) documented cases where overdraft by senior 

rights-holders was so absolute that nearby communities were forced to relocate and rebuild 

their entire municipal infrastructure because groundwater had been completely extirpated.  

“The laws regulating groundwater pumping often flout the scientific principles of hydrology.  

Our legal system has created rules that foster the economic interests of those who benefit 

from using water” (Glennon 2002: 9).   

 

Groundwater Development 

 

 Most hydrogeological studies attempt to quantify an aquifer’s mass-balance: the total 

amount of water flowing in to (recharge) and out of (discharge) a hydrological unit.  Under 

this “water-budget” paradigm, it is assumed that a groundwater system is in a state of 

equilibrium prior to development—the water-budget is balanced: recharge equals discharge.  

The system’s water-table (head) is understood to be the result of the inflow-outflow balance 

that evolved over thousands of years.  Periods with increased precipitation (high potential 

recharge) experience increased groundwater-discharge from springs or surface flow in 

streams, while dry-periods (low potential recharge) are followed by decreased spring-

discharge and surface flows (Moench 2004; Bredehoeft et al. 1982).   
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Theoretically, the safe yield33

With the water-budget paradigm, no complex mathematical operations beyond basic 

arithmetic are required(De Wiest 1965): groundwater-managers need only to ascertain the 

aquifer’s total inflow (as rain and snowmelt; lateral inflow from surrounding aquifers; 

surface-water runoff; induced recharge, etc.) and outflow (to adjacent aquifers; to streams 

and springs; as evapotranspiration; etc.) to determine a safe yield.   

 water-budget methodology assumes that as long as the rate 

of withdrawals from an aquifer is less than its rate of natural recharge, development will be 

sustainable.  Because groundwater in storage is not depleted, the system’s structural stability 

will remain intact, the cost of pumping will not be increased, and water-quality will not be 

degraded.  If groundwater withdrawals are equal to the rate of recharge, discharge from the 

aquifer will be stopped but storage will remain intact; thus, the rate of natural recharge is the 

theoretical maximum sustainable yield because storage will not be diminished.  If withdrawals 

exceed recharge, then “mining” is occurring: groundwater is extracted at a faster rate than 

can be naturally replenished and, in time, discharge will be stopped and wells will dry out 

(Bredehoeft et al. 1982; Bredehoeft 1997, 2002; Sophocleous 1997, 1998, 2000; Alley et al. 

1999; Alley and Leake 2004; Moench 2004; Devlin and Sophocleous 2005).       

The safe yield water-budget methodology is the dominate paradigm for modern 

development projects and has been codified into law throughout much of the western 

United States.  For example, the Nevada Doctrine states that total groundwater withdrawn 

from an aquifer must not exceed the rate of natural recharge—which includes reclaimable 

                                                 
33  “Safe yield” has been defined in the context of sustaining groundwater in storage (Lee 1915; Moench 2004), 
the economic feasibility of ongoing development (Meinzer 1923), water quality (Conklin 1946), and water rights 
(Banks 1953).  Integratively, safe yield is commonly interpreted as the amount of annual withdrawals from a 
groundwater basin that does not produce any undesirable result (Todd 1953). 
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discharge: “Perennial yield of a groundwater reservoir may be defined as the maximum 

amount of groundwater that can be salvaged without depleting the groundwater reservoir.  

Perennial yield is ultimately limited to the maximum amount of the natural discharge that 

can be salvaged for beneficial use” (in Bredehoeft and Durbin 2009). 

 

Groundwater Monitoring 

 

The prevailing assumption underlying the monitoring of a groundwater basin is that a 

meticulous tracking of the system’s critical variables (e.g. water-levels, discharge rates, 

surface-flows, chemical quality, etc.) will reveal signals of potentially adverse changes in time 

for management actions to prevent irreversible harm (Bredehoeft and Durbin 2009; 

Konikow and Bredehoeft 1992; Konikow 1986).   

For example, in response to a large-scale mining operation in northeastern Arizona, a 

groundwater monitoring program was implemented to track the effect of industrial 

withdrawals on nearby communities; a groundwater model was developed to increase 

understanding of the system; the lead federal regulatory agency selected threshold indicators 

for determining if adverse impacts had been caused by the mine; and annual monitoring 

reports provide the data that the regulatory agency uses to evaluate the indicator-thresholds 

(OSM-CHIA 1989; USBR 1971).  In this manner, the monitoring data and indicator 

thresholds provide "a means of keeping the big picture of hydrologic impacts before the 

regulatory authority at all times, so that if the accumulated impacts reach potentially 

damaging magnitudes, they can be dealt with in a timely manner” (OSM 1985).   
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Groundwater Modeling 

 

All models are wrong, some models are useful. (Box 1979) 

 

Konikow and Bredehoeft (1992) explain that, like hypotheses, groundwater models are 

generated as a means of suggesting explanations for observed phenomena and predicting 

causal relationships between phenomena: understanding of a groundwater basin increases 

when the model is iteratively tested, falsified, and refined over time to develop a more 

accurate representation of the system.   

Groundwater models expose “uncertainties and facilitate discussion of possible 

responses, which may include various precautionary actions, steps to increase or maintain 

social flexibility and ecological resilience, and/or research and monitoring schemes to reduce 

uncertainty” (Carpenter et al. 2002).  

A conceptual groundwater model is a simplified explanation of the structural and functional 

properties that characterize a hydrogeological system.  A mathematical groundwater model 

quantifies the properties and variables of the conceptual model and integrates them into 

differential equations in order to increase understanding of the system’s overall behavior.  A 

Deterministic groundwater model is a mathematical model created to describe specific cause-and-

effect relationships that affect the system’s mass balance; generally, they are used to replicate 

conditions prior to development and predict conditions throughout the development period 

and after its cessation (Konikow and Bredehoeft 1992; Bredehoeft 2006).   

 
 



 
 

118 
 

The underlying philosophy of process-simulating deterministic-modeling… is 
that, given a comprehensive understanding of the processes by which stresses on 
a system produce subsequent responses in that system, a system’s response to 
any set of stresses can be defined or predetermined through that understanding 
of the governing (or controlling) processes, even if the magnitude of the new 
stresses fall outside of the range of historically observed stresses.  Predictions 
made this way assume an understanding of cause-and-effect relations.  The 
accuracy of such deterministic forecasts thus depends, in part, upon how closely 
our concepts of the governing processes reflect the processes that actually 
control the system’s behavior. (Konikow 1986) 

 

The accuracy of deterministic groundwater models comes into question when regulatory 

agencies and the public require assurance that potential impacts from a proposed project 

have not been underestimated; because decision-makers rely upon impact-assessments to 

approve or disapprove projects that could adversely affect social and ecological systems, 

concern regarding the predictive reliability or “correctness” of groundwater models is 

warranted (Hassan 2004; Woessner and Anderson 1996; Oreskes et al. 1994; Sargent 1990).   

Consequently, modelers have pursued methods for testing the veracity of their models: “the 

notion has emerged that numerical models can be “verified” or “validated”... Claims about 

verification and validation of model results are now routinely found in the published 

literature” (Oreskes et al. 1994).   

However, procedural inconsistency, semantic confusion, and disagreement regarding 

model capabilities continue to hinder the modeling process, problematize policy-decisions, 

and foster public skepticism (NRC 1990, 2000; Leijnse and Hassanizadeh 1994; Konikow 

and Bredehoeft 1992; Anderson and Woessner 1992a, 1992b).   

Some modelers argue that because every groundwater model is designed to address a 

unique problem, “engineering-confidence” in a model’s veracity is sufficient for preventing 

adverse impacts (de Marsily et al. 1993; McCombie and McKinley 1993), and faith in this 
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capacity is well promoted: “Hydrogeologists and engineers engrossed in developing and 

applying ground water models tend to represent the results of their work as “the answer”, as 

a “highly probable solution”, or a “reasonable probability”” (Woessner and Anderson 1996).   

Others argue that the engineering-confidence standard is delusory: such subjectivity fails to 

acknowledge the range of uncertainties that characterizes complex systems and consistently 

leads to unforeseeable problems at unknowable scales (Holling 1978; National Research 

Council 1990, 2000; Westley et al. 2002; Bredehoeft et al. 1982; Bredehoeft 1997, 2002; 

Bredehoeft and Durbin 2009; Konikow and Bredehoeft 1992; Sophocleous 1997; Alley and 

Leake 2004; Alley et al. 1999; Oreskes et al. 1994; Anderson and Woessner 1992a, 1992b; 

Anderson 1995; Anderson and Lu 2005; Woessner and Anderson 1996).   

“Acceptability of ground water models should be determined by using confirming 

observations to support subjective judgment.  The judgment is made in the context of the 

stated purpose of the model and the nature of the supporting observations associated with 

each component of the modeling process” (Woessner and Anderson 1996).  The National 

Research Council34

 

 (1990) acknowledges the inherent limitations of deterministic 

groundwater models, adding: 

Modelers must contend with the practical reality that model results, more than 
other expressions of professional judgment, have the capacity to appear more 
certain, more precise, and more authoritative than they really are.  Many people 
who are using or relying upon the results of contaminant transport models are 
not fully aware of the assumptions and idealizations that are incorporated into 
them or of the limitations of the state of the art.  There is a danger that some 

                                                 
34  Ground Water Models: Scientific and Regulatory Applications.  NRC members “are drawn from the councils of the 
National Academy of Sciences, the National Academy of Engineering, and the Institute of Medicine. The 
Members of the committee responsible for the report were chosen for their special competence and with 
regard to appropriate balance” (NRC 1990). 
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may infer from the smoothness of the computer graphics or the number of 
decimal places that appear on the tabulation of the calculations a level of 
accuracy that far exceeds that of the model.  There are inherent inaccuracies in 
the theoretical equations, the boundary conditions, and other conditions and in 
the codes. Special care therefore must be taken in the presentation of modeling 
results.  Modelers must understand the legal framework within which their work 
is used. Similarly, decision-makers, whether they operate agencies or in courts, 
must understand the limitations of models. (NRC 1990) 
 

Protocol for Groundwater Modeling 

There is no standard protocol for groundwater system-modeling, ascertaining model 

validity, or reporting simulation-results.  Consequently, agreement upon standards for 

accepting the conceptual accuracy and predictive-reliability of a deterministic groundwater 

model continues to be the source of much contention (Anderson and Woessner 1992a; 

Hassan 2004).   

Because there are numerous interpretations of the terms verification and validation, there 

are numerous approaches for conducting these processes and disparate standards for 

gauging their attainment: “Both words imply authentication of both the truth and accuracy 

of the model” (Konikow and Bredehoeft 1992).  When the terms are used interchangeably 

“to indicate that model predictions are consistent with observational data… modelers 

misleadingly imply that validation and verification are synonymous, and that validation 

establishes the veracity of the model” (Oreskes et al. 1994).   

Further, it is often mistakenly assumed that once a model has been calibrated, it has also 

been validated, and thus the model is perceived as an acceptable tool for predicting the future 

conditions of a hydrological basin (Freyberg 1988; Konikow and Bredehoeft 1992).  

However, Verification, calibration, and validation are three distinct processes, and all three 
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are required for determining the biophysical-accuracy and predictive-reliability of a 

groundwater model.   

“The principal question asked by model reviewers is, “Does the model adequately 

represent the system conditions such that an answer to the question posed by the modeler or 

regulator is possible?”  To date, the criteria for judging the adequacy of a modeling effort 

have only been partially established” (Woessner and Anderson 1996).   

Given the inherent complexity of groundwater systems and the subjectivity required in 

the modeling process, Woessner and Anderson (1996) have proposed three underlying 

principles for modelers and model-users to keep in mind:  

 
(1)  Groundwater modeling is inherently uncertain.  
 
(2)  Model acceptability should be based upon the strength and number of actual 

observations that confirm the model’s predictions.  
 
(3)  Subjective judgment determines if a model appropriately represents the system.   

 

Anderson and Woessner (1992a) offer a general modeling protocol (Figure 20) that is 

widely referenced in the groundwater modeling literature.  
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Figure 18. A groundwater modeling protocol (Anderson and Woessner 1992a) 
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Calibration of Groundwater Models 

Calibration of a groundwater model determines the level of accuracy that a model can 

reproduce historical conditions within a predetermined range of acceptability.  Because 

determining the actual distribution of aquifer parameters is both technically and 

economically unfeasible, calibration is a method of subjectively selecting a set of parameter 

values through manual trial and error (or automated programs) for the system.  Referred to 

as history matching, the process forces the model to reproduce historical conditions by 

changing parameter values until an “acceptable” range of accuracy is achieved; “There are no 

rules other than one’s judgment” (Konikow 1986; Konikow and Bredehoeft 1992, 1993). 

Calibration does not result in a unique set of parameters; i.e., different combinations of 

parameter values can produce the same results.  The process addresses the unique “inverse 

problem” to groundwater modeling (Oreskes et al. 1994): the dependent variables (e.g. 

hydraulic head) are well known while the independent variables (e.g. parameters, boundary 

conditions, etc.) are not, thus requiring the subjective “tuning” to force an acceptable level 

of “empirical accuracy” (van Fraassen 1980).   

Calibrated models are often presented, either implicitly or explicitly, as empirically adequate 

representations of the system—that is, as valid representation of the system—but this is 

misleading.  Konikow (1986) acknowledges one consistent source of model error when 

calibration is equated with validation:  

 

It should be recognized that when model parameters have been adjusted during 
calibration to obtain “best fit” to historical data, there is a bias towards 
extrapolating existing trends when predicting future conditions, in part because 
predictions of future stresses are often based on existing trends…. Concepts 
inherent in a given model may be adequate over the observed range of stresses, 
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but may prove to be oversimplified of invalid approximations under a new and 
previously inexperienced type or magnitude of stresses. 

 

Oreskes et al. (1994) explain that the necessity to refine a calibrated model “suggests that 

the empirical adequacy of numerical models is forced… Consider the difference between 

stating that a model is “verified” and stating that it has “forced empirical accuracy””. 

Any model used to predict system behavior should be routinely recalibrated to 

incorporate new information, changes in the stresses, or revision of the conceptual model; 

this is generally recognized as part of the verification process (Konikow and Bredehoeft 1992, 

Konikow 1986; Anderson and Woessner 1992a; Anderson et al. 1993).   

“Calibration to a number of different stress conditions or time periods provides 

additional confirming observations that strengthen the use of the model to predict future 

conditions” (Woessner and Anderson 1996).   

A common misperception is that more data and more sophisticated models will result in 

increased understanding of the system (NRC 1990).  As groundwater models have evolved 

to integrate greater complexity, parameterization of has grown equally complex:  

 

The model complexity and the subsequent high-dimensional parameterization 
make objective calibration very difficult, if not impossible.  The fitting process 
that is used to determine modeling parameters can be guided by the principle of 
parsimony… the best model is the simplest model… while still accounting for 
the system processes and characteristics evident in the observation. (Hassan 
2004, also see Hill 1998).   

 

 

 

 



 
 

125 
 

Verification of Groundwater Models 

“The purpose of model verification is to establish greater confidence in the model by 

using the set of calibrated parameter values and stresses to reproduce a second set of field 

data”; if there is no second set of independent (transient-state) data, the model cannot be 

verified; a calibrated model may be unverified but its predictions will be less reliable 

(Anderson and Woessner 1992b).   

A model is said to be verified if it produces an acceptable match to the independent data 

without changing the calibrated parameter values35

 

 (Anderson and Woessner 1992a, 1992b; 

Woessner and Anderson 1996).  Oreskes et al. (1994) argue that, because the word verify 

(from Latin verus, meaning true) is literally defined as “an assertion or establishment of truth”, 

a verified model implies that the model has been confirmed as a true representation of the 

system, which is unobtainable: “To say that a model is verified is to say that its truth has 

been demonstrated, which implies its reliability as a basis for decision-making.  However, it 

is impossible to demonstrate the truth of any proposition, except in a closed system.” 

Woessner and Anderson (1996) affirm this position:  

“the incompleteness of data and the non-uniqueness of model parameterization 
leave doubt as to the usefulness of models.  We believe the realization that a 
groundwater model can not be verified allows for the acceptance of a degree of 
uncertainty in modeling results.  The reasonableness of the modeling effort can 
only be supported by a large number of confirming observations that remove 
reasonable doubt.” 
 

                                                 
35 Verification of the groundwater model should not be confused with either the verification of the model’s 
governing equations, or code verification, which the modeler performs earlier in the process (Anderson and 
Woessner 1992a; Anderson et al. 1993). 
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Validation of Groundwater Models 
 
…It is the central tenet of modern scientific method that hypotheses, including 
models, can never be proved right; they can only be proved wrong.  This is why 
the frequent claims of—and demands for—“valid” models in ecological 
management, impact assessment, and policy design, are so unsound. (Holling 
1978: 95) 
 
…Any scientist who is asked to use a model to verify or validate a predetermined 
result should be suspicious. (Oreskes et al. 1994) 
 

There continues to be significant disagreement regarding the procedure and purpose for 

validating groundwater models.  For example, while Niedermeyer (1998) defines validation in 

the context of verified calibration-accuracy as discussed in the previous section — “The 

reliability of model predictions is determined by the accuracy of the calibration… If the 

model is capable of reproducing the measured data for only one significantly different 

additional… system-state, the model is said to be validated” — Konikow and Bredehoeft 

(1992) assert that the calibration process itself indicates a model’s uncertainty: “If a model is 

validated, it follows that the model is valid.  A logical inference is that a model certified as 

valid can make reliable predictions, without qualifications. Yet, accepting that one needs to 

calibrate a site-specific groundwater model is tantamount to acknowledging the impossibility 

of validating such a model.”   

In the groundwater literature, the issue continues to be largely semantic.  If, by 

definition, validation implies that a model is “founded in truth” and is “logically correct” 

(Hassan 2004), or if it implies that a model “can make reliable predictions, without 

qualifications”, then groundwater models cannot be validated (Konikow and Bredehoeft 

1992, 1993).  “Complete confirmation is logically precluded by the fallacy of affirming the 

consequent and by incomplete access to natural phenomena.  Models can only be evaluated in 
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relative terms, and their predictive value is always open to question.  The primary value of 

models is heuristic” (Oreskes et al. 1994, emphasis added).   

While there is consensus that absolute validity is not even a theoretical possibility (Hassan 

2004; Oreskes et al. 1994; Konikow and Bredehoeft 1992; Konikow 1995; El-Kadi 1995), 

some practitioners object to rigid standards and procedures for model validation, arguing 

that high levels of predictive accuracy is superfluous and that “engineering confidence” is 

sufficient for the goals of groundwater development (de Marsily et al. 1993; McCombie and 

McKinley 1993).   

Discrepancies regarding the validation-process have significant implications for the 

regulatory-standards to which model-reliability is held (Hassan 2004; Sargent 1990).  The 

International Atomic Energy Agency (IAEA), US Nuclear Regulatory Commission, 

International Nuclide Transport Code Intercomparison Study, and INTRAVAL all define 

validation in the subjective context of a model’s “goodness of fit”, “correctness” or 

“sufficient” representation.  However, these definitions fail to assess the accuracy of the 

model’s calculations (Flavelle 1992).   

In 1988, the IAEA updated its definition to include calculation-assessment, stating that 

validation is a “comparison of model predictions with independent field observation and 

experimental measurements. A model cannot be considered validated until sufficient testing 

has been performed to ensure an acceptable level of predictive accuracy” (IAEA 1988).   

Yet, the acceptableness of a model is no less a subjective measure than is goodness of fit.  The 

National Research Council (1990) concluded: 
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Since rigorous statistical validation tests are generally not appropriate in 
groundwater applications, model validation is typically an ad hoc exercise that 
does not have a firm scientific foundation… This leads us to ask how we can 
distinguish a “good fit” that is based on artificial manipulation of an 
overparameterized model from a “good fit” that is based on an accurate 
description of [biophysical] processes… (NRC 1990)     

 

It is axiomatic that models of complex systems cannot be validated: they can only be 

invalidated and refined over time by testing the extent to which they diverge from reality 

(Holdgate 1978; Holling 1978; Konikow and Bredehoeft 1992).  In deterministic 

groundwater models, calibration is commonly used as the basis for sizing sustainable rates of 

exploitation.  However, because the parameter-solution is non-unique, successful 

comparisons can result from an erroneous model: the iterative process of comparing model-

predictions to field observations only reveals errors—it does not signify the absence of errors 

(Konikow and Bredehoeft 1992; Greenberg et al. 1976).   

“There are cases in hydrology… where our understanding of processes may be great, but 

predictive ability is low, and other cases where understanding is minimal, but predictive 

accuracy is very high.  In any event, the accuracy of the prediction cannot be assessed until after the 

predicted period of time has passed” (Konikow and Bredehoeft 1992; emphasis added).   

If validation is interpreted to mean that a model can reliably predict the system’s future 

behavior (i.e. predictive validation), then it can only be achieved by performing a postaudit 

(Anderson and Woessner 1992b).  However, in this context, validation is unlikely: “The issue 

of validation is mainly a regulatory one, not a scientific one…  Because our understanding of 

a system will always be incomplete, a model can never be proven valid from a scientific 

standpoint” (Anderson and Woessner 1992b).  
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Sensitivity Analysis of Groundwater Models 

Sensitivity analyses are performed to determine the significance of model-parameters and 

their influence upon the modeled-system’s processes when the parameters are changed.  

“When parameters that cause increases or decreases in model results are identified, a 

judgment as to the importance of these variations is made...  If the modeling process 

supports the selection of the final model calibrated parameters, the sensitivity analysis results 

confirm parameter values are reasonable” (Woessner and Anderson 1996).   

According to the National Research Council (1990), sensitivity analysis establishes “the 

extent to which uncertainty in a given parameter contributes to uncertainty in prediction.  

Such analyses in many instances can provide the justification for carry out additional field 

and laboratory studies.” 

 

Postaudit of Groundwater Models 

Where calibration and verification procedures demonstrate that a groundwater model can 

reproduce past behavior, validation tests a model’s accuracy in predicting future conditions 

(Anderson and Woessner 1992: 168).  Predictive-validation—the process of performing a 

Postaudit—compares a model’s simulation-results to field observations after the predicted 

period has passed: “A model cannot be considered validated until sufficient testing has been 

performed to ensure an acceptable level of predictive accuracy… validation requires a 

postaudit… some 20 years or more after the model has been run” (Anderson 1995: 82). 

Groundwater models often provide the bases for required regulatory-studies such as 

environmental impact assessments (EIA) and cumulative hydrologic impact assessments 

(CHIA).  Ironically, while the literature on EIA-audits is “extensive”, very few audits have 
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been documented: “The fact that audits are rare is often attributed to institutional problems: 

audits are neither required by law nor routinely funded” (Wilson 1998).   

Because there has been little research on either the efficacy of EIA prediction-techniques 

or audit-methodologies, “it is possible for predictive techniques to be transferred from one 

EIS to another without authors ever knowing how well the techniques perform, or how 

appropriate they are for the intended application” (Tomlinson and Atkinson 1987; also see 

Wood 2000). 

In general, the postaudits that have been documented occur after citizens, local 

scientists, or monitors observe unexpected signs of change; the subsequent “informal audits” 

investigate the specific observations, making them more practical than “scientific audits”, 

which are (rarely) designed congruently with the original EIA predictions for monitors to 

track over time (Wilson 1998).  Thus, the federally required process for predetermining 

environmental impacts prior to the approval of permits “is failing to maximize its potential 

to “learn from experience”” (Wood 2000).   

Wilson (1998) developed a nine-step audit-methodology, but this particular method 

involves “qualitative judgments” about predictions and outcomes.  Recommending the same 

subjective approach that problematizes the EIA process (“minor impacts only”; “impact 

observed, but insignificant”, etc.), the approach does nothing to ameliorate concerns for and 

perceptions of prediction-bias.   

Further, while the literature calls for more audits as a means of improving the process for 

performing impact assessments, nowhere in the literature is it acknowledge that no matter 

how much the process is improved, the belief that a “reasonable” forecast of future impacts 

can be ascertained (from an assessment conducted at a single point in time) is delusory 
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(Holling 1978; O’Brien 2002; Lindstrom and Smith 2002; Suskind et al. 2001; Kraft 2006; 

Ludwig et al. 1993). 

To date, only a handful of postaudits have been documented; at best, they express only 

moderate confidence in model predictions; model errors are consistently attributed to flawed 

conceptual models and inaccurate estimation of future stressors — both attributable to 

unavailable data (Konikow and Bredehoeft 1974; Robertson 1974; Lewis and Goldstein 

1982; Konikow and Person 1985; Konikow and Patten 1985; Konikow 1986; Person and 

Konikow 1986; Alley and Emery 1986; Freyberg 1988; Flavelle et al. 1990; Flavelle et al. 

1991; Weaver et al. 1996; Stewart and Langevin’s 1999; Anderson and Lu 2005).   

 

It is likely that there have been hundreds of predictive modeling studies 
performed since the 1960s.  The fact that only five postaudits are reported in the 
literature suggests that, at least in the USA, models are often used in a crisis 
mode rather than a management mode.  In other words, a model is constructed 
to answer some pressing question so that a management decision can be made.  
After the model has served its purpose, it is ‘shelved’ and forgotten or discarded.  
Most models constructed in the USA are not used for management of the 
groundwater system on a day to day, month-to-month, or even year-to-year 
basis.  (Anderson and Woessner 1992b) 

 

While the literature illustrates the unreliability of groundwater models, it also 

demonstrates the value of the postaudit (Brown 1996; Anderson and Woessner 1992a, 

1992b; Hassan 2004). 

 

A major value of the postaudit is that the evaluation of the nature and magnitude 
of predictive errors may itself lead to a large increase in the understanding of the 
system and in the value of a subsequently revised model.  As new information 
becomes available, previous forecasts could and should be modified.  Feedback 
from preliminary models not only helps an investigator to set improved priorities 
for the collection of additional data, but also helps test hypotheses concerning 
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governing processes in order to develop an improved conceptual model of the 
system and problem of concern. (Konikow 1995: 76).   

 

Konikow (1986) continues to be the most widely referenced postaudit.  The study 

assessed the predictive reliability of a 1968 model built upon forty years of data (1923-1964) 

on Arizona’s lower Santa Cruz and Salt River Valleys; the calibrated model was used to make 

predictions though 1974.  Konikow concluded that model error was introduced through the 

inability to predict future stressors and to recognize how a system’s historical behavior 

(under a prior stress-regime) may change under future regimes.  

 Konikow (1986) illustrated the problem of using a single set of parameter values to 

predict behavior.  Ironically, because the predictions in the original 1968 model showed 

profound water-level declines throughout the Santa Cruz and Salt River Valleys, significant 

effort was successfully generated to decrease groundwater pumping throughout the region; 

this social response to the model’s dire predictions was not considered in the model itself, 

and thus was included among the sources that led to prediction error. 

Freyberg (1988) showed that groundwater managers often couple predictive-reliability 

with the calibration process; Konikow and Bredehoeft (1992) illustrated that model 

calibration or “history matching” in no way infers predictive reliability; Konikow and Patten 

(1985) and Anderson and Woessner (1992a, 1992b) illustrated that deterministic models are 

generally unreliable over the long-term and that predictive errors are usually traceable to a 

flawed conceptual model and unknowable future stressors.  Finally, Brown (1996) explained 

that although postaudits offer valuable insights for revising model-errors, subsequent 

improvements takes place only after (1) the model has been accepted, (2) development 

actions have commenced, and (3) the prediction period has passed.     
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Predictive Reliability and Potential Error in Groundwater Models 

In a review of the groundwater modeling literature, Hassan (2004) distilled six factors 

where error may be introduced into groundwater models, inhibiting their predictive 

reliability.  First, model errors generally exist in three forms: (1) conceptual errors; (2) 

numerical errors (i.e. the misuse of the equation-solving algorithm); and (3) uncertainties or 

inadequacies in input data, which are generally attributable to a misinterpretation of aquifer 

dynamics.  When error is apparent, discerning its source is extremely difficult (Hassan 2004; 

Konikow and Bredehoeft 1992; Konikow and Patten 1985; Konikow 1986; Anderson and 

Woessner 1992a). 

Second, the complexity of large, deep, multi-layered geologic environments means that 

data required to accurately replication the systems are unavailable; this includes basic 

parameter values (i.e., porosity, transmissivity, diffusivity, yield, retention, head, gradient, 

etc.); thickness and permeability of confining layers; deep groundwater inflow from other 

aquifers; groundwater discharge to streams and springs; evapotranspiration from plants; 

clearly identified aquifer boundaries; knowledge of appropriate scales for assessing 

cumulative impacts; and knowledge of the randomness of geologic and hydrogeologic 

processes over time (Moench 2004; AWWA 2003; El-Kadi 1995; Anderson and Woessner 

1992a, 1992b).  Even if an extensive database for a particular site exists, “they are often 

limited in relation to the variety of conditions and parameters that need to be monitored and 

characterized” (Hassan 2004). 

Third, this complexity precludes the determination of the model’s conceptual accuracy: 

“When heterogeneity is significant and data are limited, as is the case in many field sites, 
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there may be no way of judging the model predictions or declaring any degree of satisfaction 

about the model” (Hassan 2004).   

Fourth, knowledge of future stressors and their significance within the altered landscape 

is unknowable; and fifth, the “significance” of these impacts, and the determination of who 

will be affected by them, is defined by the entity modeling the system.  Thus, procedural 

subjectivity is confounded by the personal subjectivity of the modeler: all affected parties are 

not equal36

Finally the iterative process of long-term model validation can be extremely expensive.  

According to the National Research Council (1990), because limited resources generally 

preclude the collection of the enormous amount of data that would be required to replicate a 

large-scale system and test the model’s veracity, modelers often extrapolate from historical 

data that were not collected with the intention of being used in mathematical models. 

.    

Given such uncertainty, it has been argued that using simulations to determine 

sustainable rates of development is a misuse of model applications.  Software-engineers and 

groundwater-modelers have argued that ascertaining the validity of a model is extremely 

difficult, that evidence of predictive reliability must always be questioned, and software 

programs should not be used to determine development (Konikow 1986, 1995; Konikow 

                                                 
36  Moench (2004) explains that the identification of certain model variables is not an issue of objective 
mathematical realities, but rather, of subjective perspectives.  Suppose that a team of hydrological consultants 
has determined that the amount of recharge which is “available” for a proposed groundwater development 
project (i.e. the capture) will reduce the surface-flow of a nearby wash by one-third.  The consultants 
determined that this reduction is “insignificant” to the area’s social-ecological-systems because the model-
simulations showed that the wash would re-gain any lost-stream before the distant, downstream communities 
would be affected.  Being completely unaffected by the worst-case scenario, the consultants also determine that 
the downstream communities are not within the project’s impact area.  Subsequently, the project was permitted 
because the hydrologists showed that no adverse impacts would result from the project.  However, the model 
may not have included adequate spatial and temporal variables, and it did not simulate the effects of an 
immediate ten-year drought (the average precipitation rate for the area was used in all simulations); for the 
stakeholders downstream, the unexpected impacts may have profound and immeasurable implications. 
 



 
 

135 
 

and Bredehoeft 1992, 1993; van der Heijde and Elnawawy 1992; van der Heijde et al. 1985; 

van der Heijde and Park 1986; van der Heijde et al. 1993; van der Heijde 1995; El-Kadi 

1995; Tsang 1987, 1991; Massmann and Hagley 1995).   

Nonetheless, many resource managers continue to assert remarkable confidence in the 

conceptual and predictive accuracy of their models, but such confidence are delusory:   

 

Our present understanding of the many processes affecting groundwater is 
sufficiently adequate to allow us, in theory, to predict responses in a groundwater 
system.  In practice, we are severely limited by the inadequacy of available data to 
describe aquifer properties and historical stresses and responses, and by an 
inability to predict future stresses. Overall, extreme caution is required in making, 
presenting, and accepting predictions of future groundwater behavior. (Konikow 
1995)       

 

In order for a model to be accepted as a tool for predicting reliable future conditions of 

a system, then numerous assumptions must be accepted.  However, the range of 

assumptions that are required in replicating a large-scale system makes the introduction of 

errors an inherent aspect of the modeling process.  At the most basic level, these 

assumptions include: conceptual accuracy; climatic stability; biological and physical variables 

function as “norms” (averages); spatial and temporal scales are appropriate for all issues and 

concerns; and the parameters, conditions, and alterations that have been insignificant under 

past and present conditions will continue to be insignificant under future conditions (Milly et 

al. 2008; AWWA 2003; Konikow 1986, 1992, 1995; El-Kadi 1995; Konikow and Bredehoeft 

1992; Anderson and Woessner 1992a, 1992b).  

The literature acknowledges this subjectivity; generally, it attributes conflicting 

perspectives to disciplinary training and professional influence.  More clearly stated, 
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underlying any conflicting perspectives, it is assumed that the modeler is, at least, being 

virtuous to the goal of portraying the groundwater system accurately.   

However, given the (1) the political and economic influence of private interests and (2) 

the legal loopholes of regulatory requirements, there is the potential that embedded within a 

groundwater model’s complexity is the intention to generate optimistic simulation-results 

rather demonstrate an accurate portrayal of system dynamics (this form of subjectivity is not 

necessarily distilled through verification and regulatory procedures).     

 
…companies pay consultants handsome fees to obtain lucrative permits to pump 
[groundwater].  After a Perrier hydrologist in Wisconsin concluded that the 
company’s pumping would not damage the environment, the Sheboygan Press 
editorialized, “Pardon us for being skeptical, but what else could he say given 
that he’s on the company payroll.”   
 
In Florida, Perrier proposed to pump 657 million gallons per year from a well 
near a spring, yet the company’s hydrologist testified at a 1999 hearing that 
“[you] will not be able to detect a change in the nearby river’s flow.”  My 
hydrologist colleague… contemptuously dismisses hydrologists who make such 
extravagant claims as “hydrostitutes”. (Glennon 2002: 10)   

 

And Despite Hassan’s (2004) confidence in the public’s “competency” to understand 

bio-physical uncertainty in modeling and regulatory processes, the literature in Political 

Ecology, Public Policy, Environmental Justice, Risk Assessment, etc. is robust with evidence 

that political and economic influences are highly proficient in obscuring the significance of 

scientific uncertainty, in misrepresenting the reliability of deterministic-models, and in 

misleading the public about the significance of cumulative impacts (see Theory section in the 

Introduction).   

The Safe Yield Water-Budget methodology is one approach in which expert certainty and 

model reliability are implied in order to convey misleading conclusions. 
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5.   THE WATER-BUDGET MYTH 

 

An Attractive Fallacy and Perceptual Convenience37

 

  

Water-resource scientists are concerned that some basic principles are being 
overlooked by water managers…. Perhaps the most common misconception in 
groundwater hydrology is that a water budget of an area determines the 
magnitude of possible groundwater development. Several well-known 
hydrologists have addressed this misconception and attempted to dispel it.  
Somehow, though, it persists and continues to color decisions by the water-
management community. (Bredehoeft et al. 1982) 

 

The safe yield water-budget paradigm assumes that if the volume of groundwater 

withdrawn from an aquifer is less than its recharge, then groundwater exploitation will be 

sustainable; if withdrawals equal recharge, then discharge will be stopped but storage will 

remain intact; and if withdrawals exceed recharge, then discharge will be stopped and storage 

will be depleted. 

Despite its apparent logic and the frequency of its application, the water-budget 

paradigm flouts the fundamental principles of hydrogeological engineering.  According to 

the U.S. Geological Survey, the paradigm “is an oversimplification of the information that is 

needed to understand the effects of developing a groundwater system… A pre-development 

water-budget by itself is of limited value in determining the amount of groundwater that can 

be withdrawn on a sustained basis” (Alley et al. 1999).   

                                                 
37  Numerous USGS hydrologists have explained why the water-budget paradigm is “fallacious” (Bredehoeft et 
al 1982; Balleau and Mayer 1988; Sophocleous 1997; Bredehoeft 1997, 2002; Alley et al 1999; Devlin and 
Sophocleous 2005, among others).  Holling (1973) explained that “nature’s balance may be more of a 
perceptual convenience than an ecological reality.” 
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Balleau and Mayer (1988) explain that “It would be hydrologically inaccurate and 

economically inefficient to ignore the transition period and to assume that ground water is 

only of two types: 100 percent mined or 100 percent recharged”.   

Nonetheless, policy decision-makers prefer the method because its mathematical precision 

implies expert-consensus and sustainability (Ludwig et al. 1993; Bradshaw and Borchers 

2000).  However, while empirical “evidence” is helpful in winning political buy-in, public-

interests are not well served “by adopting an attractive fallacy that the natural recharge rate 

represents a safe rate of yield” (Balleau and Mayer 1988).   

Sophocleous (1997) agreed, “policy-makers are primarily concerned about aquifer 

drawdown and surface-water depletion, both unrelated to the natural recharge rate.  Despite 

its irrelevance, natural recharge is often used in groundwater policy to balance groundwater 

use under the banner of safe yield.  Adopting such an attractive fallacy does not provide 

scientific credibility.”   

Bredehoeft (1997) decried: “Sustainable groundwater development has almost nothing to 

do with recharge... However, I continue to hear my colleagues say they are studying the 

recharge in order to size a development… The water-budget as it is usually applied to scale 

development is a myth—Theis said this in 1940. Yet the profession continues to perpetuate 

this wrong paradigm.”  

Five years later, Bredehoeft implored “...the myth goes on; it is so ingrained in the 

community’s collective thinking that nothing seems to derail it” Bredehoeft (2002). 

Devlin and Sophocleous (2005) explained that despite the “conclusive theoretical proof” 

that the water-budget paradigm has no scientific merit, “it still persists”.   

In 2008, Milly et al. (2008):  
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Systems for management of water throughout the developed world have been 
designed and operated under the assumption of stationarity.  Stationarity—the 
idea that natural systems fluctuate within an unchanging envelope of variability—
is a foundational concept that permeates training and practice in water-resource 
engineering…. In view of the magnitude and ubiquity of the hydroclimatic 
change apparently now under way… we assert that stationarity is dead and 
should no longer serve as a central, default assumption in water-resource risk 
assessment and planning.  

 

If “stationarity is dead”, that is, if the rate of precipitation cannot be assumed to fall 

within a predictable range for a specified area, then the most central variable in all of 

groundwater management is a fixed uncertainty. 

“…if the climate is changing, as recent evidence suggests, then the assumption of 

equilibrium should be questioned” (Milly et al. 2008).  If equilibrium is uncertain, then the 

predetermination of sustainable rates of development is precluded by the time to full capture 

problem.  Bredehoeft and Durbin (2009) explain that “large systems pose a challenge to the 

water manager, especially when the water manager is committed to attempting to reach a 

new equilibrium state in which water levels will stabilize and the system can be maintained 

indefinitely.”  These attempts are mired by two realities: “(1) a large groundwater system 

creates a delayed response between the observation of an impact and its maximum effect 

and (2) there is a long time lag between changing the stress and observing an impact at a 

distant boundary.”   

These hydrogeological realities are summarized in the following section. 
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Debunking the Method 

 

As Theis (1935, 1938, 1940) concisely explained, and many others (Brown 1963; Lohman 

1972; Bredehoeft et al. 1982; NAS 1982; Bredehoeft 1997, 2002; USGS 1999; Balleau 1988; 

Balleau and Mayer 1988; Sophocleous 1997, 1998, 2000; Alley et al. 1999; Alley and Leake ; 

Devlin and Sophocleous 2005; Bredehoeft and Durbin2009; Leake 2009) have consistently 

reiterated, once the pre-development water-budget has been calculated, any groundwater 

thereafter removed from the aquifer makes the budget invalid: new withdrawals upset the 

preexisting balance by depleting storage — pre-development equilibrium is lost and the 

system enters into a transient-equilibrium.  A new equilibrium is reached only when water-

levels throughout the system stabilize and storage is no longer depleted: the effects of 

withdrawals have been absorbed and distributed elsewhere in the system. 

At new equilibrium, the groundwater-withdrawals no longer deplete storage but come 

from some combination of (1) decreased discharge from the aquifer (i.e., as springs, into 

streams, etc.), and (2) increased recharge into the aquifer (i.e., as induced recharge that is 

pulled in from overlying streams, adjacent aquifers, recharge projects, etc).  The decrease in 

discharge plus induced-recharge (if any) is referred to as capture: the pumping-regime equals 

capture (Theis 1940; Bredehoeft et al. 1982; Bredehoeft 1997, 2002; Alley et al. 1999). 

Because natural recharge is dependent upon climate and induced-recharge is extremely 

difficult to discern from natural recharge and may be impossible to quantify, capture is 

usually a function of decreased discharge.  “Once a new equilibrium is reached, the natural 

discharge is reduced by an amount equal to development—capture equals development. This 
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statement has nothing to do with recharge. Often streams are depleted long before the 

pumping reaches the magnitude of the recharge” (Bredehoeft 1997: 929).   

Bredehoeft and Durbin (2009) illustrated the most misunderstood aspect of the 

paradigm, “While the water budget describes the state of the system at a given time, it does 

not inform us about the time path the system will take to reach the new equilibrium state; 

the time path depends upon aquifer dynamics”.  The time it takes for discharge to be 

influenced by pumpage depends upon aquifer diffusivity, a function of (1) transmissivity to 

storativity38

Bredehoeft and Durbin (2009) illustrate the point in the following example: in a simple 

aquifer

; and (2) the distance from the pumping wells to discharge locations.  Generally, 

the greater the distance that the pumping-wells are from the discharge-locations, the greater 

the time-period for discharge to be affected (Theis 1940; Bredehoeft et al. 1982; Bredehoeft 

1997, 2002; USGS 1999; Balleau and Mayer 1988; Sophocleous 1997, 1998, 2000; Devlin and 

Sophocleous 2005).   

39

                                                 
38  Transmissivity is the flow capacity of an aquifer measured in volume per unit time per unit width. Equal to the 
product of hydraulic conductivity times the saturated thickness of the aquifer.  Storativity, or the storage coefficient 
(SC), is the volume of water released per unit area of aquifer per unit drop in head; a confined aquifer’s ability 
to store water is measured by its SC (Sophocleous 1998, 2000). 

, groundwater is being withdrawn at a rate of 100 cubic-feet per second (cfs), and 

Management wishes to maintain a spring that is discharging groundwater at the same rate of 

100 cfs.  Management establishes the criterion that if the spring’s discharge decreases by 

10%, then pumping will be stopped.  The time it takes for groundwater pumping to reduce 

the spring’s discharge rate by 10% is illustrated in figure 21. 

 
39 Parameters of the simple aquifer in this example: Basin size = 50 X 25 miles; hydraulic conductivity = 
0.00025 ft/s; saturated thickness = 2000 ft; transmissivity = .05 ft2/s (~43,000 ft2/d); storage coefficient = 
0.1% to 10%; phreataphyte consumption = 100 cfs; well-field pumping = 100 cfs; recharge = 100 cfs. 
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After fifty years of groundwater withdrawals, the spring’s discharge rate decreased to 90 

cfs (10%) and pumping was stopped.  However, twenty-five years after pumping stopped, 

spring discharge continued to decline and reached its lowest discharge rate of 87 cfs.  In 

other words, “the maximum drawdown at the spring created by pumping takes 25 years after 

pumping stops to work its way through the system” (Bredehoeft and Durbin 2009).   

 

 
Figure 19. Discharge from a hypothetical aquifer (in Bredehoeft and Durbin 2009) 

 

Further, even though pumpage was equal to discharge, the system recovers very slowly 

after pumping is stopped: “during the 250 years since the pumping ceased, we have restored 

just more than 50% of the water that was removed from the storage during the pumping 

period.  You can easily see that this simple system will take approximately 500 years to return 

to its original state” (Bredehoeft and Durbin 2009). 
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Numerous USGS hydrogeologists have explained the relatively straight-forward process 

that explains capture; classically trained hydrogeologists will recognize this as the principle of 

superposition or the superposition calculation (Theis 1940; Brown 1963; Lohman 1972; Bredehoeft 

et al. 1982; Bredehoeft 2002; Sophocleous 1998, 2000; Devlin and Sophocleous 2005).   

The superposition calculation requires: (1) distributions of transmissivity and storativity 

throughout the aquifer (i.e. diffusivity); (2) boundary conditions that will be reached by the 

cone of depression; and (3) the rate of pumping.   

 

 
Figure 20. Withdrawals and recovery period (in Leake 2009) 

 

 “Missing from the classical analysis is any mention of recharge. The recharge is taken into 

account by the initial hydraulic head (water table). The initial head is a solution to an initial 

boundary value problem that includes the recharge and discharge” (Bredehoeft 2002: 341, 

emphasis added).  To conceptualize the process, a hypothetical, permeable alluvial-aquifer 

system underlying an island in a freshwater lake (Figure 23) is discussed in Bredehoeft et al. 

(1982), Bredehoeft (2002), and Devlin and Sophocleous (2005), and National Academy of 

Sciences (1982).   
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Figure 21. Pumping effects on flow (in Bredehoeft 2002, and NAS 1982) 
 
 

At Stage 1 (top cross-section), the island-aquifer system is in equilibrium: recharge from 

rainfall is balanced by discharge from the permeable aquifer boundary at the shoreline into 
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the lake. The aquifer’s water-table is created by the distribution of recharge, discharge, and 

the transmissivity of the aquifer.   

In stage 2, a well is installed, withdrawals come from storage (groundwater mining); a cone 

of depression begins to appear.  Discharge is not affected: the cone of depression must reach the 

boundary to effect discharge.  The time it takes for this to occur is a function of 

transmissivity, storativity, and boundary conditions.   

In stage 3, the slope of the water-table is nearly flat at the shoreline, yet discharge is 

unaffected, and in stage 4, the slope of the water-table has decreased sufficiently that 

directional flow has reversed: discharge from the aquifer has ceased, water from the lake 

now flows into the aquifer: induced recharge.   

It is significant to point out that the cone of depression has deepened to the base of the 

pump: depending upon hydrogeological properties of the system, it is possible that the well 

could have gone dry before discharge at the shoreline was affected  

In this example, the pre-development water-table evolved as a function of recharge, 

discharge, and transmissivity (flow capacity).  Prior to development (top cross-section), 

natural recharge (rainfall) is balanced by discharge to the lake through the permeable 

boundary; thus: 

 

R0 = D0     or    R0 – D0 = 0 

 

where R0 and D0 are the natural rates of recharge and discharge, respectively.   

We may know transmissivity at a few points on the island, and the discharge rate where 

it comprises the baseflow of aquifer-related streams.  With only this very limited 
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information, we can estimate transmissivity for the entire aquifer.  By applying Darcy’s Law40

 

, 

the aquifer’s discharge rate to the lake can be obtained at any point along the shore (aquifer 

boundary):  

d = T (dh/dl) 

 

where d is discharge at a point along the shore, T is Transmissivity at that point, and dh/dl is 

the hydraulic gradient (change in head over some distance: the slope of the water-table) at that 

point.   

By employing the point discharge-rate (above) along the entire shoreline, we obtain total 

discharge (D0) from the island-aquifer; this is expressed as: 

 

∫ T (dh/dl) ds = D0 

 

The well is now installed on the island and pumping begins.  At any time, the water-

budget for the island-aquifer after pumping begins is expressed as  

 

(R0 + ΔR0) – (D0 + ΔD0) – P + (dV/dt) = 0 

 

                                                 
40 Darcy’s Law (1856): the rate of flow is proportional to the pressure gradient in the water.  Thus, there is only one way to 
reduce flow to discharge areas: change the pressure gradient, which changes water-levels throughout the area 
between the wells and discharge area (Theis 1940; Bredehoeft et al. 1982, Bredehoeft 2002; Devlin and 
Sophocleous 2005). 
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where ΔR0 is the change in the mean rate of recharge, ΔD0 is the change in the mean rate of 

discharge, P is the pumping rate, and dV/dt is the rate of change in storage (V is volume of 

water in storage and t is time).  Recall that natural recharge equals discharge, so R0 - D0 = 0.   

Thus, the above equation may be simplified: 

 

ΔR0 + ΔD0 – P + (dV/dt) = 0 

 

When the system reaches a new equilibrium, storage will no longer be depleted and 

water-levels stabilize; thus dV/dt = 0.  At new equilibrium, our water-budget now expresses 

the capture attributable to pumping; i.e., the dynamic rate of sustainable withdrawals: 

 

ΔR0 + ΔD0 = P 

 

It is significant to reiterate that natural recharge is dependent upon climatic conditions 

and is unlikely to be changed, and induced recharge may not occur at all.  In such cases, ΔR0 

= 0.  Capture from discharge is the determining factor for sizing development:   

 

P = ΔD0 

 

“Notice that to determine sustainability we do not need to know the recharge.  The 

recharge may be of interest, as are all the facets of the hydrologic budget, but it is not a 

determining factor in our analysis” (Bredehoeft 2002).   
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Devlin and Sophocleous (2005) explain that the safe yield paradigm implies that 

groundwater aquifers are fixed-directional-flow systems, analogous to a properly functioning 

kitchen sink: water enters through the faucet and leaves through the drain, but water never 

leaves through the faucet.  While aquifers may behave like fixed-directional-flow systems 

under some conditions, conditions may change and cause unexpected impacts over the long-

term.  Unlike sinks, the point of discharge may become a point of recharge; this is seen in 

Figure 24 (unconfined aquifer ‘U’ and the confined aquifer ‘C’).   

 

 
Figure 22. Adverse impacts from the water-budget (in Sophocleous 1998) 

 

Development occurs (area D), including pumping from both confined and unconfined 

aquifers.  Safe yield causes no decline in water-table (U) or head (C); reduction of outflow 

from U degrades the wetlands (T); reduces outflow from C into the saltwater basin (B) and 

induces saltwater intrusion into the freshwater aquifer (O), harming vegetation (T) and 

degrading the riparian area (E) (Sophocleous 1998). 
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Like the development strategies of other industries, the safe yield paradigm reflects the 

reasoning of economic-equilibrium theory, conceptualizing a groundwater basin as a fixed-

directional system.  Flows are quantified and, with the short-term reasoning fostered by 

return-on-investment incentives, we expend the extent of capital reserves that will still allow 

us to remain hydrologically solvent.  Like crop yield, lumber yield, or fish yield — safe yield is 

a “single-product exploitation goal” (Sophocleous 1997), and a “single-variable intervention” 

(Westley et al. 2002).  It represents a linear conceptualization of a natural system that is 

imposed upon nonlinear, complex, imbricate system.   

Determining sustainable rates of development by focusing upon a single factor, such as 

recharge, is misleading.  Numerous variables (aquifer structure, parameters, well location, 

pollution sources, current and future stressors, climatic variability, etc.) affect estimations.  If 

development plans are not holistic, acknowledging the dynamic connectedness of various 

systems throughout the watershed—social, ecological, and hydrogeological—then human 

control may degrade the systems they intend to protect, through various scales of time and 

space (Sophocleous 1997; Westley et al. 2002; Holling and Gunderson 2002).   

Given the time to new equilibrium, even adaptive monitoring-programs may not identify 

signals of change within a time-frame to prevent irreversible harm: “Monitoring for 

control… has fundamental problems.  The maximum impacts are larger than those observed 

at the time pumping stops, and they occur sometime after the pumping stops.  This is 

especially true if the monitoring occurs some distance away from the pumping.  In addition, 

groundwater systems will be very slow to recover to their predevelopment state once 

pumping is stopped” (Bredehoeft and Durbin 2009). 
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Groundwater pumping causes slow and often undetectable changes that may not be 

captured in sophisticated models or vigilant monitoring efforts; it takes a great deal of time 

for a hydrogeological system to absorb the pumping stress and reach a new equilibrium, and 

the massive spatial extent of some systems further obscures signs of change.  In the 

management office, however, the lack of perceivable problems is often attributed to 

technical skill and a comprehensive understanding of system dynamics: a high level of 

confidence in model-predictions is assumed, obscuring the evolving reality. 

 

…through initial success with command and control, managers lose sight of their 
original purposes, eliminate research and monitoring, and focus on efficiency of 
control.  They then become isolated from the managed systems and inflexible in 
structure. Simultaneously, through overcapitalization, society becomes dependent 
upon command and control, demands it in greater intensity, and ignores the 
underlying ecological change or collapse that is developing. (Holling and Meffe 
1998) 
 

Principles of Development 41

 

 

Numerous fundamental principles of groundwater development are generated by 

contrasting the water-budget methodology with more sound methods for sustainable 

development (i.e. superposition models).  Those discussed in this chapter and relevant to 

this case study are summarized in the following table. 

                                                 
41  These principles are an aggregate of the literature on groundwater development, groundwater and ecosystem 
modeling, and the Water-Budget Myth; including Theis 1935, 1938, 1940; Lohman 1972; National Research 
Council 1990, 2000; Bredehoeft et al. 1982; Bredehoeft 1997, 2002, 2003, 2006; Bredehoeft and Durbin 2009; 
Konikow and Bredehoeft 1992; Sophocleous 1997, 1998, 2000; Devlin and Sophocleous 2004; Freyberg 1988; 
Balleau 1988; Balleau and Mayer 1988; Brown 1996; Moench 2004; Alley and Leake 2004; Alley et al. 1999; 
Alley 2007; Alley and Emery 1986; Konikow and Person 1985; Konikow 1986; Konikow and Swain 1990; 
Oreskes et al. 1994; Anderson and Woessner 1992a, 1992b; Anderson 1995; Anderson and Lu 2005; Woessner 
and Anderson 1996; Carpenter et al. 2002; Weaver et al. 1996; Hassan 2004; Milly et al. 2008. 
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Table 1. Principles of Groundwater Development 
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PART III:  EVOLUTION OF THE BLACK MESA COMPLEX 
 

 

 

 

 

 

 

 

 

…Coordinating a job of this size is no simple task. A number of years were required to 
negotiate exploration permits and coal leases which, incidentally, provide for the highest royalty 
for coal ever paid to an Indian nation, and one of the highest coal royalties Peabody pays 
anywhere in the world… 
 
An orderly development of the Navajo and Hopi Resources is being accomplished.  We expect 
the Black Mesa Project to be a splendid example of a cooperative and progressive development, 
which will stand as a model for other groups of companies who must necessarily follow our path 
in the future to provide for our nation’s power growth. 
 

~T.C. Mullins (1971) 
President, Peabody Coal Company 
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6.  THE DEVELOPMENT PLAN: 1968-2005 

 

Synopsis 

 
In 1965 and 1966, physical and economic feasibility studies performed for 
Peabody Western Coal Company concluded that it was practicable to pump 
2,000 gallons of groundwater per minute from the N-aquifer. Contractual 
agreements between Peabody, the Navajo Nation, and Hopi Tribe were 
completed in 1964 and 1966.  Two contiguous coal-mines will be in operation: 
the Black Mesa Mine will convey 16,000 tons of coal per day to the Mohave 
Generation Station near Laughlin, Nevada, via a 275 mile coal-slurry pipeline; the 
Kayenta Coal Mine will convey 23,000 tons of coal per day to the Navajo 
Generating Station near Page, Arizona, via two fully automated electric trains.  
Water for all mine-related operations will be withdrawn from the N-aquifer 
underlying Black Mesa through five pumping wells, each spread two miles apart; 
wells are cement grouted to a depth of 2,000 feet to prevent pumpage from the 
shallower wells. An average of 2,400 acre-feet of groundwater will be withdrawn 
per year; not more than 3,200 acre-feet will be withdrawn in any single year. The 
US Geological Survey will monitor groundwater in the N-aquifer and the Office 
of Surface Mining will track “material-damage” indicators to identify impacts that 
could warrant management actions; Peabody Coal Company and the Secretary of 
the Interior are obligated to take corrective measures if adverse impacts occur. 
 

 

Contracts, Feasibility, and Oversight 

 

On 1 February 1964, the Navajo Nation signed a lease with Peabody Coal Company to 

develop minerals (coal) on 24,858 acres of Navajo land on Black Mesa, Arizona.  On 6 June 

1966, the Hopi Tribe and Navajo Nation entered into a lease agreement with Peabody to 

develop minerals on an additional 40,000 acres on the tribes’ “joint-use” land on Black Mesa; 

these adjacent lands comprised almost 65,000 acres.  “The mining leases expire at the end of 

35 years with land and specified improvements to be returned to Tribal ownership” (USBR 

1971).   
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The Hopi Tribe and Navajo Nation agreed to mineral-royalties amounting to 25 cents 

per ton for coal sold off the reservation and 20 cents per ton for coal sold on the 

reservation, as long as the price of coal (sales) does not exceed $4 per ton, whereupon 

royalties increase via scale.  Anticipated royalties at maximum production were estimated at 

$3.25 million per year; average production was expected to provide $3 million per year.   

The original lease-agreements made no provision for the use of groundwater. 

In 1965, Stetson Engineers, Inc., of Los Angeles, California, assessed the physical 

feasibility of pumping 2,000 gallons of groundwater per minute (gpm, equivalent to 3,200 

acre-feet per year) from Black Mesa’s Navajo Sandstone Aquifer (N-aquifer) over a 35 year 

period; the study area comprised 125 mi2.  Stetson later determined that it might be feasible 

to extract groundwater from the deeper and less pristine Coconino sandstone (C-aquifer) 

and recommended that testing of both the C and N-aquifers be performed.  Stetson’s 

economic feasibility study was completed in 1966, approximately five months prior to the 

Hopi’s signing of the Peabody’s Black Mesa lease-agreement on 1 June 1966.  This study 

describes the drilling, testing, and properties of water-bearing formations penetrated by the 

test-well within the mine-lease area.  The test-well, “Navajo No. 1” (NAV1), was constructed 

in 1965; it is 5,735 feet deep and has been used for testing purposes only (Stetson 1966; see 

Figure 25).   
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 Figure 23. Black Mesa stratigraphy (in Stetson 1966) 
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The feasibility studies concluded: (1) it is physically and economically feasible to obtain 

groundwater from the N-aquifer for the mine; it is not economically feasible to pump from 

the C-aquifer; (2) there is sufficient groundwater to provide for the withdrawal of 2,000 

gallons of water per minute; (3) four or five wells are required to withdraw that amount, 

equivalent to the pipeline’s maximum capacity of 3,200 af/y; and (4) the most feasible 

method of obtaining water is through “Plan 8”: drilling 50 feet below the Wingate formation 

with perforations in the Dakota, Morrison, Entrada, Navajo, Kayenta, and Wingate 

formations.  Wells should be 24 inches in diameter with 18 inch casings and be cement 

grouted to 2,000 feet below land-surface to prevent pumping water from the shallower 

aquifers.  Total capital costs for developing five wells that would produce 2,000 gpm (3,200 

af/y) was estimated at $841,300.  Annual energy cost to pump 2,000 gpm: $150,280, or 

approximately $46.60 per acre-foot (Stetson 1966). 

All contractual agreements for infrastructure associated with the Black Mesa-Kayenta 

Mine (including the Black Mesa Pipeline; the Mohave Generating Station; the Black Mesa 

and Lake Powell Railroad, the Navajo Generating Station; and all transmission lines) were 

completed prior to the passage of the National Environmental Policy Act of 1969 (NEPA), which 

was enacted on 1 January 1970.  Thus, no formal environmental impact assessment was 

performed prior to the mine’s development42

                                                 

42 Section 11 of NEPA outlines the policy-related requirements that must be conducted for “existing” federal 
projects, “To the maximum extent practicable, the section 102(2)(c) procedure [for EIS] should be applied to 
further major federal actions having a significant effect on the environment even though they arise from 
projects or programs initiated prior to enactment of the Act on January 1, 1970.  Where it is not practicable to 
reassess the basic course of action, it is still important that further incremental major actions be shaped so as to 
minimize adverse environmental consequences.  It is also important in further action that account be taken of 
environmental consequences not fully evaluated at the outset of the project or program” (NEPA 1969). 

. 
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NEPA procedures were first applied at Black Mesa in 1971 in the form of a draft 

“Environmental Statement” conducted by the Bureau of Reclamation; its preamble states, 

“Compliance with [NEPA] may not be required as a matter of law and Congressional policy” 

(USBR 1971).  The report includes no analysis of potential impacts; however, economic 

benefits for the tribes are detailed in nearly every section.   

The Bureau of Reclamation also produced an Environmental Statement for the Navajo 

Generating Station, explaining that “a good faith attempt is being made to comply with the 

spirit of [NEPA]” (USBR 1972). 

The 35 year plan for the Black Mesa-Kayenta Coal Mine is outlined in the Bureau of 

Reclamation’s 1971 Draft Environmental Statement (The Black Mesa Mine Project, USBR 

1971); however, the Final ES for the mine-complex was integrated into the Final 

Environmental Statement for the Navajo Generating Station (Navajo Project, USBR 1972).  

The information throughout the rest of this section comes exclusively from these two 

documents unless otherwise cited. 

 

Coal Supply 

 

Peabody Coal Company will strip-mine the coal deposits on Black Mesa, Arizona, in an 

area covering 64,858 acres, on Hopi and Navajo lands.  This coal is a bituminous variety 

with a very high BTU rating and low average ash and sulfur contents.  The coal will be 

removed using the furrow technique and dragline equipment, permitting 100% mineral 

recovery.   
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Two contiguous mines will be active on this site: the Black Mesa Mine will convey 

16,000 tons of coal daily to the Mohave Generating Station in Laughlin, NV, via a 275 mile 

coal-slurry pipeline; the Kayenta Coal Mine will convey 23,000 tons of coal daily to the 

Navajo Generating Station near Page, AZ, via two fully-automated electric trains.  The 

Bureau of Reclamation will receive 24.3% of the electricity generated at the Navajo 

Generation Station and use it for powering the Central Arizona Project canal system. 

 

The Navajo Generating Station will be Arizona’s largest electrical generating 
station. It will be the third power-generating station to be built under the Western 
Energy Supply and Transmission (WEST) Associates concept in which participating 
utilities cooperate in extensive regional planning of generating and transmission 
facilities and coordinate their investment in such facilities. Generating plants, much 
larger than any single utility would need, are constructed and operated by groups of 
utilities achieving economies that the participants could not otherwise experience. 
This practice helps to keep consumers’ power costs low and makes protection of the environment 
more feasible. (USBR 1972: 31; emphasis added). 
 

Coal transported via the Black Mesa Pipeline to the Mohave Generating Station is 

reduced to near-powder form at the processing plant in the lease-area; it is mixed with water 

to a 50/50 ratio by weight.  Four pumping stations convey the slurry through an 18 inch 

diameter pipeline 275 miles at a velocity of 5 miles per hour.   

 

Water Supply 

 

The water supply for all mining operations (including coal transport) is derived from five 

wells spread two miles apart at a depth of approximately 3,600 feet; groundwater is pumped 

from the deep Navajo Sandstone aquifer (N-aquifer).  “The sandstone aquifers supplying 
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water to the Peabody wells contain a vast quantity in storage, which is isolated from water in 

the relatively shallow local wells on the mesa by impermeable formations overlying the 

Navajo, Kayenta, and other deep formations” (USBR 1971).  Storage is estimated at 10 

million acre-feet.   

The wells are cased and cement grouted to a depth of 2,000 feet below the surface to 

prevent pumping water from the more shallow aquifers; head in the wells ranges from 900 to 

1,100 feet below land-surface.  Pumping from the deep wells may affect domestic wells in 

Kayenta and other communities to the north.   

 

Hydrologists do not agree whether these domestic wells are in the same 
pressure zones as the Peabody wells, but a monitoring program has been 
devised to ascertain those facts.  In the event the supply of the water to the 
Indian wells is affected, Peabody is under contractual obligation to provide the 
Indians with water in quality and quantity equal to that formerly available to 
them. (USBR 1971, 39) 

 

Peabody will withdraw an average of 2,400 acre-feet per year from the N-aquifer over 

the 35 year lease period.  Because the pipeline’s maximum capacity is 3,200 acre-feet per year 

(2,000 gallons per minute), the maximum withdrawal in any single year will not exceed that 

amount (USBR 1971, 1972).   

The wells will benefit the Indians who will “take water free for personal use and for their 

stock from the Company’s deep wells instead of traveling to the more distant Tribal wells on 

the Mesa or to Kayenta, 35 miles away.  When mining operations are completed… wells will 

be turned over to the Tribes” (USBR 1972, 154). 
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Safe Yield 

 

The recharge “outcrop area” comprises a thin strip around Black Mesa (totaling 2,200 

square miles) where the Navajo sandstone is exposed at the surface.  Stetson (1966) 

estimated that precipitation occurring throughout the outcrop-strip was a uniform 10 inches 

per year, and 2 inches was “conservatively estimated” to infiltrate into the N-aquifer,  “Thus, 

the estimated annual recharge to the [N-aquifer] is 235,000 acre-feet” (Stetson 1966).  The 

outcrop area nearest the mine—the Shonto highlands west of the mine, comprising 

approximately 470 square miles—was alone estimated to provide 50,000 acre-feet of the 

total recharge (Stetson 1966).   

“The average annual withdrawal of water for the proposed project, pumping at 2,000 

gallons per minute, will be about 3,200 acre-feet per year.  Although only a portion of the 

estimated annual recharge of 235,000 acre-feet from the [N-aquifer] is available for pumping, 

this source should supply more than enough water necessary for the project” (Stetson 1966, 

referencing Cooley et al. 1964: 173). 

In 1971, the Bureau of Reclamation affirmed this recharge estimate, stating “…a 

substantial, though unknown, portion of that water so drawn will be recharged through 

rainfall where the Navajo-Kayenta formations outcrop to the north of Black Mesa” (USBR 

1971).   
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Predictions 

 

USBR’s (1971, 1972) Environmental Statements did not attempt to predict potential 

impacts; rather USBR referenced the Department of Interior draft report of the Southwest 

Energy Task Force’s Report of Water Resources Monitoring, (SWETF 1971).  This report 

performed a cursory analysis estimating a worst-case outcome after 30 years of industrial 

pumping on Black Mesa.  Very few hydrogeological parameters were estimated.   

According to the Bureau of Reclamation (1972: 88), the expected water-level declines are 

based upon the withdrawal of 93,000 acre-feet over 30 years, compared to the proposed 

84,000 acre-feet over 35 years.  USBR concludes, “The predicted decline does not appear 

sufficient to dewater the N multiple-aquifer system at any place” (USBR 1972).   

 
Table 2. Pre-development water-level predictions (USBR 1971, 1972) 

 

 
 

USBR also references “previous hydrologic calculations” performed by “the hydrologic 

model”, noting only that this information was “obtained from Bruce Hanshaw, Geological 

Survey, January 17, 1972”.  No other information or citation for this model is provided.  

USBR concludes: “If these preliminary results are substantiated by further field studies, then 
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the draw-down in the aquifer will be less than previously predicted from the hydrologic 

model” (USBR 1972, 155). 

While the report is no longer available, the USGS created a mathematical model of the 

N-aquifer as early as 1971 (Wood 1971; it is assumed that this is the model referenced by 

USBR in 1972).  This first USGS model is referenced in another USGS report the following 

decade, which noted its two general projections: (1) a water-level decline of 200 feet will 

radiate out 10 miles from the mine’s pumping center, and (2) a decline of 100 feet will 

radiate out 20 miles from the pumping center (Eychaner 1983, referencing Wood 1971). 

Neither the predictions in the Southwest Energy Study (SWETF 1972a-f) nor the USGS 

model (Wood 1971) take into account the effects caused from municipal pumping or the 

hydrogeological variation of the N-aquifer.  While these pre-development predictions are 

cursory, at best, they are nonetheless the first documented predictions set forth by Industry 

or agencies that project the effects that would occur in response to industrial groundwater 

pumping at Black Mesa. 
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7.   OPERATIONS COMMENCE (1967 – 1978) 

 

Synopsis 

 

Peabody initially developed five wells for extracting groundwater from the N-
aquifer; coal mining and groundwater pumping began in 1968, the Black Mesa 
pipeline began transporting coal to the Mohave generating station in 1970.  
Passage of the Surface Mining Control and Reclamation Act of 1977 created the 
Office of Surface Mining Reclamation and Enforcement, the lead-agency for 
enforcing federal regulations for surface mining and mining reclamation at the 
Black Mesa-Kayenta Mine complex. The U.S. Geological Survey’s Black Mesa 
Monitoring Program was implemented in 1971 and the first report was produced 
in 1978.  For this initial period of development, no groundwater models are used 
for management purposes and no method for determining hydrologic trends or 
status has been developed.  Data are not sufficient for substantive analysis of 
hydrological trends; pumping regime data are illustrated in table and chart. 

 

In 1967 and 1968, Peabody developed five wells to pump groundwater from the N-

aquifer for mining operations — NAV2 through NAV6.  A sixth well, NAV7, was 

developed in 1972.  Wells are approximately 3,600 feet deep, cement grouted, and are spaced 

2 miles apart.  Pump intakes were set approximately 1,800 feet below land-surface.  Three 

wells deliver water to a plastic-lined holding reservoir; two wells pump directly to a holding 

tank at the mill-site. 

Numerous Navajo and Hopi communities pump water from the N-aquifer as well, 

hereafter referred to as “Municipal” groundwater withdrawals that occur in both the 

confined and unconfined portions of the aquifer.  The Bureau of Indian Affairs (BIA), 

Navajo Tribal Utility Authority (NTUA), and the Hopi Tribe operate approximately 70 wells 

throughout the Black Mesa area; data for windmill-wells have not been collected or 

estimated during this period. 
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The Surface Mining Control and Reclamation Act (1977) 

 

The Surface Mining Control and Reclamation Act of 1977 (SMCRA) created the Office of 

Surface Mining Reclamation and Enforcement (OSM) to regulate active surface mines and 

enforce proper reclamation of inactive surface mines.  On Native American lands in the 

Western United States, OSM maintains Regulatory Authority and “is responsible for the 

review and decisions on all applications to conduct mining operations and, if a mining 

permit is issued, OSM is responsible for inspection of the mines to ensure that the public 

and the environment is protected” (OSM 2008).    

Following the passage of SMCRA, the Bureau of Reclamation was no longer involved 

with oversight at the Black Mesa-Kayenta Mine complex.  As the lead federal agency at the 

facility, OSM is responsible for producing and reviewing all required policy-studies related to 

mining operations, and for approving or disapproving Peabody Western Coal Company’s 

permit-applications and permit revisions associated with the mine. 

 

Groundwater Withdrawals (1968-1978) 

 

Although the Black Mesa Pipeline did not begin transporting coal to the Mohave 

Generating Station until 1970, Peabody commenced groundwater pumping in 1968.  From 

1968 to 1978, a total of 28,580 acre-feet was withdrawn; pumpage increased annually by an 

average of 13%.  From 1970 to 1978, Peabody’s estimates for average and maximum annual 

withdrawals were exceeded in 6 of the 9 years the pipeline was in operation.   

 



 
 

165 
 

 
 

Figure 24. Groundwater withdrawals 1965–1978 (data in Truini and Macy 2008) 
 

Municipal groundwater pumping occurs throughout Black Mesa’s hydrologic basin in 

small frequencies and has increased steadily since data have been collected.  When Industrial 

pumping began in 1968, total municipal withdrawals throughout the N-aquifer (confined and 

unconfined portions) were estimated at 250 acre-feet.  Although industrial withdrawals 

began in 1968, groundwater for the pipeline was not used until 1970; prior to this, industrial 

pumpage totaled 140 acre-feet.  From 1970 to 1978, Peabody accounted for 75% of total 

pumpage from the N-aquifer. 
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Monitoring (1978) 

 

In 1971, the U.S. Geological Survey (USGS), in cooperation with the Arizona 

Department of Water Resources (ADWR), implemented the Black Mesa Monitoring Program 

which was “designed to determine long-term effects on the groundwater resources of the 

mesa as a result withdrawals from the N-aquifer by the strip-mining operation of Peabody 

Coal Company”43

After the monitoring program was implemented in 1971, the first report was published 

in 1978 (this report has been superseded by subsequent monitoring reports and is no longer 

unavailable from the USGS Publications Warehouse).  As the mine developed over time, the 

approach for monitoring ground- and surface-water impacts evolved as well (e.g., 

subsequent monitoring reports do not account for the collection of sedimentation samples 

from washes immediately following heavy rains, etc).  No trends were apparent by 1978. 

 (Hill and Sottilare 1987).  The program’s annual report summarizes N-

aquifer conditions from monitoring stations throughout Black Mesa’s 5,400 mi2 hydrologic 

area; it includes measurements of (1) ground-water withdrawals, (2) ground-water levels, (3) 

groundwater quality in both the coal-lease area and surrounding areas, (4) discharge and 

chemical quality of selected springs, and (5) surface water discharge which reflects the 

conditions of the N-aquifer (Hill 1984).   

                                                 
43 As development evolved, the program monitored the long-term effects of groundwater pumping from both 
industrial and municipal groundwater pumping. 
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8.   THE SECOND DECADE (1979 – 1988) 

 

Synopsis 

 

Peabody developed two more wells and reconstructed others. The first 2-
dimensional groundwater flow model was developed by the USGS in 1983.  In 
1986, Peabody submitted an application to OSM to expand mining operations; 
however, new regulations required an assessment of the potential cumulative 
hydrologic impacts from the proposed operations before a permit could be 
approved.  At the request of OSM, the USGS updated its 2D model and 
simulation results were used as the impact projections in the OSM’s Cumulative 
Hydrologic Impact Assessment. Total industrial and municipal groundwater 
withdrawals are illustrated with a summary of USGS monitoring: no hydrological 
trends are apparent through this period. 

 

Well Expansion and Reconstruction (1980-1984) 

 

Peabody developed NAV8 in 1980 and NAV9 in 1983; eight wells within the lease-area 

pump from the N-aquifer.  Also in 1983, NAV2 and NAV5 were reconstructed in attempt 

to close their open intervals to the D-aquifer.  NAV3 and NAV6 were replaced in 1984 with 

newly drilled wells completed solely within the N-aquifer, and retained their original names 

(former wells were renamed NAV3OBS and NAV6OBS, respectively). 
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Figure 25. Peabody wells NAV1-NAV9 (HSIGeoTrans & WEHE 1999) 

 

The USGS 2D-Groundwater Model (1981, 1983) 

 

The US Geological Survey developed its first two-dimensional numerical model of the 

N-aquifer in 1981 (Eychaner 1981) using a modeling-program (MODFLOW) developed by 

Trescott et al. (1976).  By 1982, total pumpage from the N-aquifer had increased enough to 

cause significant declines in well-levels, and USGS updated the model “to improve the 

estimates in areas of uncertainty, and the resulting estimates collectively are considered to be 

more reliable” (Eychaner 1983).   

The update focused upon three primary tribal concerns: (1) how much of the water-level 

decline is the result of mine-related pumping; (2) what further declines may be expected over 

the life of the mine; and (3) what will the long-term effects on the availability of water from 
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the N-aquifer for other uses.  “Equilibrium is reflected by the absence of long-term trends of 

changing water levels, as was the case in the N-aquifer before about 1965.  If inflow does 

not equal outflow, the aquifer is in nonequilibrium, or transient-state, and the change in 

storage is reflected in changing water levels” (Eychaner 1983: 9).  

The 1983 model ran 4 potential pumping scenarios through 2014 — thirteen years after 

the lease was to expire (Eychaner 1983).  The water-budget could not be calculated from the 

available data; the unavailable components were estimated during model calibration. 

 
The model was used in part to improve estimates of aquifer characteristics and 
the water budget, and it successfully reproduced the observed response of the 
aquifer through 1979.  The model results indicate that about 95 percent of the 
44,000 acre-feet of water pumped from 1965 to 1979 was withdrawn from 
storage, but the reduction amounted to less than 0.03 percent of total storage. 
Water-level declines through 1979 were estimated to be more than 100 feet in an 
area of 200 square miles.  Four projections of future water-level changes were 
made using the model.  The most probably projection indicates that water level 
declines would exceed 100 feet in an area of 440 square miles by 2001.  Most of 
the decline would be recovered within a few years if withdrawals at the mine 
ceased.  By 1990, however, municipal supply pumpage is expected to exceed 
pumpage at the mine and this pumpage would continue to have significant 
impact on water levels in the Black Mesa area. (Eychaner 1983) 

 

Eychaner’s (1983) model continues to be something of an interpretive benchmark in the 

history of industrial development on Black Mesa: its recharge estimate of 13,000 af/y 

established a data point that continues to be the focus of ongoing conflict regarding N-

aquifer dynamics (Storage was estimated at 180 MAF).  While many Hopi and Navajo 

residents insist that industrial withdrawals were causing various degradations, Peabody and 

OSM have consistently asserted that any negative indicators are attributable to drought or 

increased municipal pumping (because industrial pumpage is approximately 50% of natural 

recharge). 
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Table 3. 1983 Water budget of the N-aquifer (Eychaner 1983) 
 

 
 

 “Calibration of the simulation model involves estimating all aquifer characteristics and 

inflow or outflow rates at each node…. data are not available for most nodes.  Some data 

may be incorrect or be subject to multiple interpretations” (Eychaner 1983: 14). Initial 

estimates of each node (aquifer thickness, transmissivity, etc.) were made and the model 

calculated water levels at each node; disparity between computed water levels and observed 

levels is expected because “the value for the node represents a much larger area”.   

However, great disparities indicate that initial estimates were wrong.  Comparisons were 

made until the computed levels were “acceptably close” to the observed levels.  Calibration 
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was done for (1) equilibrium conditions, assumed to exist prior to 1965, and (2) 

nonequilibrium conditions, assumed to exist between the period 1965 to 1977.  For 

nonequilibrium calibration, average values are used for most of the components of the 

water-budget “although they actually vary daily and hourly”.  Of the 6 wells used for 

monitoring (BM1 – BM6), water-level declines were in “good agreement”, except for BM2, 

which may have been “due to imprecise data”.  The model was calibrated through 

September 1977 and tested through 1979: “the model reasonably reproduced measured 

hydrographs during the period without further adjustment” (Eychaner 1983).  

In 1985, the USGS model was rerun to include pumpage for the five years from 1980 to 

1984.  Divergence between simulated water-level changes (that used projected pumpage) and 

measured changes was beginning to occur; parameter adjustments (recalibration) were made 

to reflect measured changes (Hill and Whetten 1986). 

Groundwater-levels in non-industrial wells in the confined portion of the N-aquifer 

continued to decline steadily through 1986.  That same year, a reversal of the trend occurred 

in response to Peabody shutting down their wells throughout the last 6 months of 1985 due 

to maintenance at the Mohave Generating Station (Hill and Whetten 1986).  When pumping 

resumed in 1987, water-levels in the non-industrial wells also resumed declines and reported 

the lowest levels since mining commenced.  Observation Well BM6 declined 90 ft, BM3 

declined 76 ft, and a municipal well at Keams Canyon reported record decline of 114 ft.  

Further, “most of the observation and non-industrial wells in the northeastern section of the 

confined area of the N-aquifer showed record declines” (Hill and Sottilare 1987). 
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New Mining Activities Proposed (1986) 

 

In 1986, the Office of Surface Mining Reclamation and Enforcement (OSM) received a 

“permit application package” (PAP) from Peabody Western Coal Company seeking approval 

of its permanent “life-of-mine” mining plan that would cover operations at Black Mesa 

through 2011; the PAP proposed (1) combine all former mining permits under one permit, 

which would integrate the separate Black Mesa Coal Mine with the Kayenta Coal Mine as a 

single mining unit; (2) authorize Peabody to disturb an additional 13,787.4 acres through the 

remaining life of the mine; and (3) authorize Peabody to upgrade facilities to meet current 

federal performance standards (Brown and Eychaner 1988).   

Subsequently, OSM approached USGS to update the 1983 groundwater model and study 

the potential affects stemming from the new proposal; the model would provide the basis 

for OSM’s Cumulative Hydrologic Impact Assessment for the Black Mesa Mine (OSM-CHIA 

1989), and the hydrologic information needed for the Draft and Final Environmental Impact 

Statement (OSM-EIS 1989, 1990). 

 

USGS Model Update (1988) 

 

USGS had assessed the performance of the model in 1987 and concluded that it was a 

reasonable representation of N-aquifer conditions (Hill and Sottilare 1987).  However, 

because the software program did not run properly on the new computer system when 

USGS attempted the model-update, it was converted to a new modeling program 
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(McDonald and Harbaugh 1984).  It was recalibrated using revised aquifer-parameter 

estimates, and used a finer spatial grid. 

In the 1988 update, five pumping scenarios that included both industrial and municipal 

pumping were run for the period 1985–2051 (twenty years after groundwater pumping 

would cease under a newly proposed permit application package).  Each simulation was 

based upon the proposed development-regime and community growth projections. 

 

Calibration of the model included estimating all aquifer characteristics and 
inflow and outflow rates at each node.  Values of hydraulic characteristics from 
the 1983 model generally were used as initial estimates.  The estimates then 
were adjusted as necessary within the range of observed field values until the 
best possible match was obtained between simulated and observed water levels 
and flow rates. (Brown and Eychaner 1988: 11) 

 

Not only did the 1988 model transition into a new software program and finer spatial 

grid, but the physical characteristics throughout the N-aquifer also underwent a transition.  

Initially the model was calibrated for its equilibrium state (pre-1965 conditions) using the same 

parameters as the 1983 model.  However, these parameters underwent significant alteration: 

 

 Conductivity “yielded unsatisfactory results so they were completely recalibrated”; 
 Recharge increased 4% to maintain a better balance between inflow and outflow;  
 Evapotranspiration increased from 6,000 af/y to 6,600 af/y; this was “balanced” by 
 Reducing outflow to rivers and springs from 9,640 af/y to 7,030 af/y; 
 River and drain conductances to achieve a reasonable match of both inflow and head; 
 water-table depth affecting evapotranspiration rates were changed;  
 Transmissivity throughout the model area changed;  
 Windmill pumpage was included. 

 

After recalibration and re-discretization, simulated equilibrium water-levels were closer to 

measured wells than was the 1983 study. 
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Calibration for nonequilibrium conditions was conducted by simulating water-level changes 

for the period 1965 through 1984; following the parameter-revision, changes in “the 1988 

model generally agree with water-level changes observed in six continuous-record 

observation wells and are nearly identical to water level declines simulated in the 1983 

model” (Brown and Eychaner 1988: 19).   

Compared to the 1983 model, the 1988 update decreased outflow to streams and springs 

by 3%; increased flow through the confining layer by 15%; and water-level declines were less 

significant (Table5).   

The probability is about 90 percent that a specific simulated water level would be within 

50 ft of the level in the corresponding well.  This improved match between simulated and 

observed water levels is largely the result of rediscretization” (Brown and Eychaner 1988).    
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Table 4. 1988 Water budget of the N-aquifer (Brown and Eychaner 1988) 
 

 
 

“…the accuracy of projected water-levels is uncertain.  Future withdrawals that greatly 

exceed the amounts withdrawn through 1984 may cause unanticipated responses in the 

aquifer.  Long-term projections that include large increases in pumpage should be used with 

caution” (Brown and Eychaner 1988).   

Comparison of water-level changes in the USGS monitoring wells BM1 through BM6 

are given in Figure 30; declines for 1965 through 1984 are illustrated in Figure 31. 
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Figure 26. Water-level changes, 1959-1985 (in Brown and Eychaner 1988) 
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Figure 27. Simulated drawdown 1965-84 (in Brown and Eychaner 1988) 
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Monitoring (1988) 

 

For the period 1968 to 1988, industrial withdrawals averaged 3,234 af/y; maximum 

pumpage occurred in 1982 (4,740 acre-feet).  Total municipal groundwater pumping 

averaged 1,496 af/y; pumpage in the confined portion of the N-aquifer averaged 733 af/y 

while pumpage in the unconfined portion averaged 737 af/y.  Maximum total municipal 

pumpage occurred in 1988 (2,560 acre-feet).  For the period from 1970 to 1988, Peabody 

accounted for 69% of total pumpage from the N-aquifer; municipal pumping accounted for 

31%. 

 

 
Figure 28. Groundwater withdrawals 1965-1988 (data from Truini and Macy 2008) 
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For the period from 1968 to 1988, USGS produced seven monitoring reports44

Groundwater levels declined throughout most of the confined portion of the N-aquifer 

with the largest declines near the industrial pumping center.  The water-levels that made 

small increases were entirely within the unconfined portion (where the N-aquifer breaches 

land-surface), or on the model’s boundary between the portions.  No significant water-level 

changes have occurred in the unconfined area since mining began.   

, and they 

report no apparent trends in groundwater and surface-water quantity or quality.   

 

During 1965-88, water levels in wells that tap the unconfined area of the aquifer 
have not declined significantly and have risen in many areas.  Chemical analysis 
indicate no significant changes in the quality of water from wells that tap the N-
aquifer or from springs that discharge from several stratigraphic units, including 
the N-aquifer, since pumping began at the time. (Hart and Sottilare 1988) 

 

Aquifer drawdown and changes in discharge and chemical quality will become of greater 

significance in forthcoming monitoring reports. 

                                                 
44 U.S. Geological Survey, 1978; G.W. Hill, written communication, 1982, 1983; Hill 1985; Hill and Whetten 
1986; Hill and Sottilare 1987; Hart and Sottilare 1988. 
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9.   THE THIRD DECADE (1989 – 1998) 

 

Synopsis 

 
OSM’s Cumulative Hydrologic Impact Assessment (CHIA) was produced in 1989; it 
developed criteria for determining if “material damage” had occurred to the N-
aquifer in response to mining. CHIA criteria, predictions, and OSM findings are 
outlined.  OSM also produced Draft and Final Environmental Impact Statements 
for Peabody’s proposed mine expansion and life-of-mine permit. New studies 
provide significant new information regarding the N-aquifer’s hydrogeological 
dynamics: USGS re-estimated N-aquifer recharge at 2,500 to 3,500 af/y; more 
than 90% of groundwater in storage is between 10,000 and 400,000 years old.  
Peabody continues to account for the majority of total withdrawals.  USGS 
found no apparent trends in groundwater quantity or quality for the period.   

 

Cumulative Hydrologic Impact Assessment (1989) 

 

In 1989, the Office of Surface Mining Reclamation and Enforcement (OSM) formally 

implemented its congressional charge to regulate surface mining on the Hopi and Navajo 

lands.  In 1986, Peabody application for a Life-of-Mine (LOM) permit required as 

assessment of the probable cumulative impacts that would result from the proposed 

actions45

The Black Mesa CHIA established "a means of keeping the big picture of hydrologic 

impacts before the regulatory authority at all times, so that if the accumulated impacts reach 

.  Following OSM’s (1985) guidelines for performing a Cumulative Hydrologic Impact 

Assessment (CHIA), OSM’s Western Region office developed a Cumulative Hydrologic Impact 

Assessment of the Peabody Coal Company Black Mesa / Kayenta Mine in 1989.   

                                                 
45 The Surface Mining Control and Reclamation Act of 1977 (SMCRA, sections 507(b)(11) and 510(b)(3)) and 
Regulation 30 CFR 780.21(g) require that OSM assess the cumulative hydrologic impacts related to the Black 
Mesa-Kayenta mining operation.  United States Code 30 (1999): §§ 1257(b), 1260(b). 
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potentially damaging magnitudes, they can be dealt with in a timely manner” (OSM 1985).  If 

OSM deems that there is “significant” potential for “material damage” to the N-aquifer (as 

OSM defines it), then the permit can be denied or delayed. 

Peabody’s “permit application package” is required by law to contain a determination of 

probably hydrologic consequences (PHC) on Black Mesa’s hydrologic system.  It is 

significant to recognize that Peabody’s PHC predictions “are the main source of input for 

the development of the cumulative hydrologic impact assessment” (OSM 2002).   

Section 5.2.2 of the Black Mesa CHIA, Criterion for ground-water resources, outlines four 

threshold-criteria for ascertaining material damage to the hydrologic system: (1) In order to 

maintain the structural stability of the N-aquifer, potentiometric head must not drop beneath 

100 feet above the top of the aquifer; (2) in order to maintain water quality in the N-aquifer, 

leakage from the overlying D-aquifer must not exceed 10% of the current rate of leakage; (3) 

discharge from springs associated with the N-aquifer must not be reduced by more than 

10% of current levels; and (4) surface flow of N-aquifer associated washes must not be 

reduced by more than 10% of current levels (OSM-CHIA 1988). 

 

Environmental Impact Assessment (1990) 

 

OSM produced a Draft and a Final Environmental Impact Statement in response to 

Peabody’s 1986 Permit Application Package (OSM-EIS 1988, 1990).  Two alternatives were 

considered: approve or disapprove the PAP.  OSM’s “preferred alternative” was to approve 

the permit application., having concluded that all potential impacts would be negligible or 

minor: “The impacts projected from the N-aquifer simulation are overestimated.  It is 
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important to note that at no time does the total withdrawal from the system exceed the 

recharge to the system (13,000 to 16,000 acre-feet per year)” (OSM-EIS 1990).  

OSM approved Peabody’s permit application for the Kayenta Mine, and the Bureau of 

Land Management approved the “life-of-mine” permit.  However, given continued concern 

about the impacts upon the N-aquifer, permits for the Black Mesa Mine were held under 

“administrative delay” by the Secretary of the Interior.  OSM’s Final EIS offered numerous 

predictions. 

 

EPA Rejects EIS Conclusions (1990) 

 

Volume II of OSM’s Final Environmental Impact Statement, Comments and Responses, 

catalogues public and agency responses to the actions proposed in the EIS (OSM-EIS 1990).  

Among the more notable comments on record were those of the U.S. Environmental 

Protection Agency.  As the nation’s leading environmental science, research, education, and 

assessment agency, EPA’s commentary on the Black Mesa EIS has been widely publicized.  

EPA explained that OSM’s Draft EIS lacked “sufficient information on water, air, and biotic 

resource conditions” necessary for evaluating “impacts, alternatives, and mitigation 

measures”.  EPA also stated that the EIS lacked an alternatives analysis explaining how the 

least environmentally damaging actions were being undertaken.  In no uncertain language, 

EPA rejected the conclusions in OSM’s environmental impact statement: 

   

While EPA accepts the approach taken in modeling hydrologic baseline 
conditions and impacts, the conclusiveness of this effort is undermined by lack 
of data.  This limitation, compounded by use of material damage criteria based 
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on thresholds much less sensitive than “significance” under NEPA, leads us to 
reject the evaluation of hydrologic impacts.  EPA believes that he available data 
do not support statements in the DEIS that the cumulative effects of current and 
foreseeable mining and related operations (principally the coal transport slurry) 
are expected to result in only minor hydrologic impacts. (EPA 1990) 

 

EPA’s contention was methodological.  The developers of the USGS groundwater 

model (Brown and Eychaner 1988; Eychaner 1983) clearly assert the model’s predictive 

limitations; these limitations, the EPA argued, precluded the plausibility of OSM reaching its 

conclusions, at least, from a scientific standpoint46

In short, EPA concluded that the model was not originally created as a tool for 

evaluating hydrological impacts that it was being used it for.  This has been reaffirmed 

elsewhere; in 1993, a USGS hydrologist explained that “the model is not sufficient to answer 

the concerns of the Hopi regarding adverse local, short-term impacts on wetlands, riparian 

wildlife habitat, and spring flow at individual springs” (Nichols 1993, quoted in Whiteley and 

Masayesva 1998).   

.   

 

New Hydrogeological Information (1997) 

    

A 1997 study conducted by the USGS (Lopes and Hoffman 1997)47

                                                 
46 These limitations will be addressed in the analysis section. 

 is something of an 

interpretive benchmark in understanding N-aquifer dynamics.  The study emphasized a 

3,500-square-mile area of the confined N-aquifer and nearby unconfined areas and was used 

to improve Brown and Eychaner’s (1988) conceptual model of the N-aquifer.  It ascertained 

 
47 Lopes and Hoffman. 1997. Geochemical analyses of ground-water ages, recharge rates, and hydraulic conductivity of the N 
Aquifer, Black Mesa area, Arizona: U.S. Geological Survey Water-Resources Investigations Report 96–4190, 42 p. 
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ground-water age, delineated flow directions, and estimated properties of the N-aquifer and 

recharge rates using geochemical techniques (analyses of major ion, radioactive carbon-14, 

tritium, oxygen-18, hydrogen-2, carbon-13, and chlorine-36).   

Groundwater age is estimated to increase as it flows away from the primary recharge area 

near Shonto to at least 35,000 years old in the south-central and southeast portion of the 

confined aquifer; recent recharge along the periphery of Black Mesa mixes with the older 

groundwater and discharges from the confined portion of the N-aquifer. 

More than 90% of groundwater in the confined portion of the aquifer is older than 

10,000 years old—recharging during glacial periods.  During this period, recharge was as 

much as four times greater than during the last 10,000 years. 

Recent recharge rates (occurring during the last 10,000 to 2,700 years) are estimated to 

be between 2,500 and 3,500 acre-feet per year in the Shonto area. 

Lopes and Hoffman (1997) assert, “Few data exist on the chemistry of the groundwater 

in the D-aquifer; therefore, the amount of leakage cannot be quantified.”  This recognition 

undermines the utility of CHIA criterion #2: Leakage from the D-aquifer not to exceed 10% from 

mine related withdrawals: OSM determined that leakage from the D-aquifer into the N-aquifer 

has not occurred (OSM-CHIA 1988; OSM 1996, 1998, 2004, 2005, 2006).  

 

Violations at Mohave Generating Station (1998) 

 

In 1998, a group of environmental organizations had filed a lawsuit in Federal Court 

against the owners of Mohave Generating Station (MGS) citing numerous emission 

violations.  In 1999, the plaintiffs filed briefs explaining that, between 1993 and 1998, MGS 
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had violated the applicable opacity limit (density of the emission-plume) over 400,000 times, 

and limits on sulfur dioxide emissions had been violated 40,000 times48

Six months of settlement-negotiations ensued, arriving at an agreement set forth through 

consent decree that MGS owners would either come into compliance with emissions 

standards by retrofitting the plant with emission controls or shut down the plant by 31 

December 2005

.  The violations were 

ongoing, and each carried a maximum civil penalty of $25,000.   

49

 

 — coinciding with the date that Southern California Edison’s coal-supply 

agreement for MGS with the Black Mesa Coal Mine was to expire (Hedden et al. 2005).    

Monitoring (1998) 

 

For the period 1968 to 1998, industrial withdrawals averaged 3,449 af/y; maximum 

pumpage occurred in 1982 (4,740 acre-feet).  Total municipal groundwater pumping 

averaged 1,893 af/y; pumpage in the confined portion of the N-aquifer averaged 909 af/y 

while pumpage in the unconfined portion averaged 984 af/y.  Maximum total municipal 

pumpage occurred in the years 1996 and 1998 (3.030 acre-feet).  From 1968 to 1998, 

Peabody accounted for 65% of total pumpage; municipal accounted for 35% (Figure 31). 

 

                                                 
48 According to the EPA, MGS is one of the largest emitters of sulfur dioxide in the western United States. In 
2002, MGS was highest in total lead emissions in the United States, releasing 56,000 pounds into the 
environment — 47,100 pounds more than the second-largest power plant in the United States, West Virginia’s 
Mount Storm Power Station. MGS has also been among the top 10 worst emitters of arsenic and chromium in 
the nation (Greenwire 2005). 
 
49 MGS owners could have become compliant by immediately shutting down the plant.  Moreover, the 
plaintiffs agreed to allow six years for the owners to have the required controls designed, purchased, and 
installed although only three years were required.  The plaintiffs also agreed that no civil penalties would be 
assessed as long as the owners abided by the deadlines.  
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Figure 29. Groundwater withdrawals 1965-1998 (data from Truini and Macy 2008) 

 

In 1997, USGS updated Brown and Eychaner’s (1988) 2D groundwater model to include 

updated well-discharge data through 1996 and to run three new pumping scenarios: (1) all 

mine and non-mine wells pumping; (2) mine wells pumping, only; and (3) tribal community 

wells pumping, only.  To date, this is USGS’s most current model of the N-aquifer; however 

it has had no use for regulatory purposes. 

In 1998, the USGS monitoring program reported water-level declines in 10 of 14 

observation wells in the confined portion of the aquifer; the median change from the prior 

year was -3.0 feet.  Water-level declines were reported in 9 of 16 observation wells in the 

unconfined portion of the aquifer; there was no change from the prior year. 

Thirty five pumpage meters on municipal wells were tested in 1998, the difference 

between metered and tested discharge from the wells ranged from +6.3 to -19.6%, with an 
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average difference of -3.4%.  Five meters needed to be replaced because they exceeded the 

10% allowable difference.  

Discharge from Moenkopi School Spring decreased by about 1.1 gpm from the prior 

year; “unnamed spring near Dennehotso” decreased by 4.6 gpm; Pasture Canyon Spring 

decreased by 1 gpm; and Burro Spring registered only a slight increase.  No apparent trends 

to water quantity or quality were reported for the period (Truini et al. 1998). 
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10.  THE FOURTH DECADE (1999 – 2008) 

 

Synopsis 

 

Peabody consultants developed the first 3D groundwater flow model at a cost of 
$3 million; simulations were used for forthcoming environmental impact assessments.  
USGS determined that leakage from the overlying D-aquifer was occurring and 
has increased by more than a third since industrial pumping commenced. 
Southern California Edison made no attempts to retrofit the Mohave Generating 
Station, resulting in the closure of MGS, the Black Mesa Mine, and coal-slurry 
pipeline; Kayenta Mine and Navajo Generating Station continued operations.  
USGS reported negative trends in the 2007 monitoring report.  Peabody’s 
application for a life-of-mine permit for Kayenta Mine was approved by OSM in 
2008, permitting the Black Mesa Complex to operate through 2026.  The un-
permitted Black Mesa Mine, now closed, and its infrastructure were integrated 
into Kayenta’s life-of-mine permit.  OSM revised its Cumulative Hydrologic Impact 
Assessment, its definition for “material damage”, and the criteria for determining 
material damage.  For regulatory purposes, these changes made the negative 
trends in prior USGS monitoring report irrelevant. 
 

 

Peabody’s 3D Groundwater Model (1999) 

 

In 1999, Peabody introduced a detailed three-dimensional numerical model of both the 

D- and N-aquifers (HSI-GeoTrans & WEHE 1999).  The information used to develop 

Peabody’s model comes from USGS, the Hopi Tribe, the Navajo Nation, and independent 

studies conducted by Peabody consultants dating to 1987.  “Over 280 references have been 

used in the 3D modeling study. This effort has produced the most realistic description and 

conceptualization of flow and interaction between D- and N-aquifer flow systems and the 

effects of groundwater withdrawals yet published” (HSIGeoTrans & WEHE. 1999).   
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Using MODFLOW and PPEST, the model was calibrated to demonstrate historic 

regional flow.  It predicts impacts from five pumping scenarios and it compares them to 

earlier model-predictions (i.e. Eychaner 1983; Brown and Eychaner 1988; GeoTrans 1987).   

The model incorporates new hydrologic components that had not previously been 

incorporated into the N-Aquifer water budget (i.e., recharge from the overlying D-aquifer, 

heretofore regarded as separated from the N-aquifer by an impermeable layer); it greatly 

expands the spatial extent and vastly increases the amount of available recharge.   

The “study area” for the model includes 12,000 mi2.  The “model area” includes 7,450 

mi2; the extent of the model boundary was increased to the north and northwest because of 

“more accurate field data”.  This spatial increase also increases the recharge parameter to 

11,000 af/y; however, this “may be low by about 4 to 5 times”, or 44,000 – 55,000 af/y 

(HSIGeoTrans & WEHE 1999).  Hydrogeologists working on the 2005 update of the 1999 

model stated that N-aquifer recharge is approximately 18,000 af/y and recharges naturally 

every year (WEHE 2009). 

Later in the decade, the Office of Surface Mining (OSM) used Peabody model as the 

bases for its draft and final environmental impacts statements (OSM-EIS 2006, 2008), and 

for its upcoming revision to the Cumulative Hydrologic Impact Assessment (OSM-CHIA 2008).       

 

Leakage Recharging the N-Aquifer (1999, 2003, 2005) 

 

In 1997, the USGS reported that a better understanding of the D-aquifer was needed to 

ascertain the significance of leakage into the N-aquifer (Lopes and Hoffman 1997).  In 2003, 

USGS performed an assessment of the hydrogeology of the D-aquifer and it’s dynamic with 
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the N-aquifer through geochemical and isotopic data analysis (Truini and Longsworth 2003).  

Leakage was originally interpreted to be negligible due to the “impermeable” Carmel 

Formation separating the aquifers; however, years later it was thought that leakage into the 

underlying N-aquifer may have been occurring long before industrial groundwater pumping 

commenced on Black Mesa.  The authors concluded that leakage was occurring in the 

southern portion of the N-aquifer; vertical head differences between the D and N aquifers 

have increased by more than a third since industrial pumping commenced.  Development 

during the last few decades could have increased the hydraulic gradient in the N-aquifer, 

resulting in a dilution of any geochemical changes caused by induced leakage.   

In 2005, USGS performed a study of the Carmel Formation: “borehole-geophysical data 

and lithologic descriptions from drilling logs were used to relate the thickness and Lithology 

of the Carmel Formation to groundwater leakage in the southern part of Black Mesa” 

(Truini and Macy 2005).  In the southern portion of Black Mesa where the N-aquifer is 

under confined conditions, the Carmel Formation thins significantly compared to the 

northern portion of Black Mesa, near the Peabody well-field, where the Carmel exceeds 150 

feet in thickness and is nearly 250 feet thick near Kits’iili.   

Lopes and Hoffman (1997) ascertained a general leakage boundary delineated to the 

southeastern portion of Black Mesa; Truini and Macy (2005) refined the leakage area on the 

basis of lithologic and natural Gamma data from wells (Figure 32).  Areas of least thickness 

“coincide with the areas where 87SR/86SR values and major-ion data for groundwater 

indicate that D aquifer water has mixed with N aquifer water as a result of Leakage” (Truini 

and Macy 2005).   
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Figure 30. The Carmel Formation (in Truini and Macy 2005). 
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Movement on Consent Decree 

 

Given Southern California Edison’s (SCE) estimated $1.1 billion cost for bringing MGS 

into compliance under the consent decree, and recognizing the conflict surrounding 

Peabody’s groundwater pumping, SCE would not invest in the retrofit until it had a 

guaranteed coal supply from Peabody.  In the years immediately following the consent 

decree-settlement, Southern California Edison (SCE) made no effort to clean up MGS, 

attempted to sell its share in the plant, and then waited until 2002 to file an application with 

the California Public Utilities Commission to authorize either the installation of pollution 

controls or expenditures of shutdown procedures.  SCE required Peabody to (1) obtain a 

permanent permit to mine coal at Black Mesa through the coming decades50

 

; (2) increase 

coal deliveries to MGS; and (3) wash the coal before transforming it into slurry.   The 

conditions SCE imposed upon Peabody required a 34% increase in the Black Mesa Mine’s 

groundwater withdrawals (Reily 2004).   

Proposed Actions and Environmental Impact Assessment (2004) 

 

In 2004, Peabody filed an application with OSM to revise the life-of-mine permit.  

Peabody’s proposed actions included an increase in coal production from 4.8 to 6.35 million 

tons per year; construction of a new coal washing facility; increasing industrial groundwater 

                                                 
50 Since 1990, the Kayenta Mine had been operating under a permanent permit while the Black Mesa Mine had 
been operating since the 1970s without a permit, and since 1985 under OSM’s “initial regulatory program” in 
“administrative delay” due to tribal concerns regarding the N-aquifer. However, OSM never made any 
decisions affecting the mine while it was under “administrative delay” until the mine was absorbed into the 
Kayenta Mine’s 2008 permanent permit. 
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withdrawals by an additional 5,600 af/y; building a new 108 mile pipeline from a well-field 

near Leupp that would pump water from the Coconino aquifer; rebuild the Black Mesa 

Pipeline; expand the lease-area; grant new rights-of-way easements; and allow both Kayenta 

and Black Mesa mines to operate through 2026 as a single unit (OSM 2006).   

 

 
Figure 31. Proposed pipeline expansion (in OSM 2006) 
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Around this time, Peabody updated its 3D model.  Originally calibrated in 1996, the 

update included data through 2003, and the modelers ran simulations for four different 

models (differing assumptions for recharge, structure/monocline, aquifer thickness, etc.).  

Simulations were run (in each of the models) for the pumping scenarios in Peabody’s Permit 

Application Package.  Scenario M most closely reflects the subsequent pumping regime; 

however, the update provides little information that would reveal the predictive value of the 

model through 2008 or beyond because (1) drawdown data for scenario ‘M’ are only 

provided for years 2025 and 2029; and (2) simulated reductions in discharge are provided for 

2007 but only as total discharge to washes, and not at individual locations.  Because USGS 

has not attempted to measure total discharge to washes; there is no data to compare this to.  

Nonetheless, OSM hydrologists assert, “the results essentially reinforce the credibility of 

using the base case model for predictive purposes” (OSM 2005). 

Peabody hired URS Corporation51

                                                 
51 URS provides “the full range of engineering and environmental services to FORTUNE 500 companies 
worldwide”.  Their clients are in the oil, gas, chemical, pharmaceutical, manufacturing, water control, mining, 
and nuclear industries, among others. URS is also a “top-tier contractor” of the U.S. federal government (URS 
2009).  Nowhere on the cover, title page, list of cooperating agencies, or first four chapters of the 2006 and 
2008 EIS is the company acknowledged (only the maps and illustrations in these documents bear the URS 
logo).  In Chapter five, Consultation and Coordination, the acronym URS appears within lists of other federal 
agencies, tribal agencies, and utility companies, but no clarification of the URS acronym is provided.  On the 
487th page of the draft EIS (p. 6-8 of OSM-EIS 2006) in Chapter Six, Preparers and Contributors, the 
“disclaimer” appears, as required by the U.S. Council on Environmental Quality (OSM-EIS 2006).  See 
Appendix _. 

 to perform the environmental impact assessment.  On 

25 May 2005, the Plaintiffs involved in the consent decree-agreement wrote to the President 

of the Navajo Nation, Joe Shirley, and the Chairman of the Hopi Tribe, Wayne Taylor, 

stating that the Mohave Generating Station was certain to shut down at the end of the year.  

Both Peabody and SCE acknowledged that the only way their facilities would continue 

operations was if MGS was granted an extension to the December 2005 deadline.   
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Closures (2005) 

 

On 19 June 2005, SCE announced that it would no longer pursue efforts to reopen 

MGS; other participant owners in the plan, Nevada Power Company and the Los Angeles 

Department of Water and Power made similar statements.  Subsequently, OSM announced 

that it had suspended its efforts to publish the draft EIS although Arizona’s Salt River 

Project (SRP) continued to pursue the reopening of MGS.  In September 2005, SRP 

announced that it was accelerating its efforts to reopen the plant and requested that the EIS 

process be resumed while it formed a new group of owners.  At this time, the Salt River 

Project replaced Southern California Edison as the principal applicant for the actions that 

SCE had originated.  OSM resumed its EIS procedures in late September 2005.   

While the closure of the plant meant the end of MGS emissions and much of the 

groundwater pumping on Black Mesa, it was bad news to the tribal governments: Black 

Mesa Mine’s sole customer was the Mohave Generating Station.  Closure of MGS also 

meant closure of the Black Mesa Mine and the loss of mine-related tribal revenues (the 

Kayenta Mine serving the Navajo Generating Stations was unaffected).  The plaintiffs 

concluded that the California Public Utilities Commission should require the owners of 

MGS to provide closure mitigation funds to the tribal governments52

The Black Mesa Mine and pipeline were shut-down on 16 December 2005; Southern 

California Edison quietly ceased operations at MGS at 11:59 PM on 31 December 2005.   

.   

                                                 
52 The letter explained, “…each year the EPA issues free of charge approximately 50,000 sulfur dioxide 
allowances to the Mohave owners. For every ton of sulfur dioxide emitted from Mohave, one allowance must 
be surrendered.  Mohave typically surrenders 40,000 allowances each year to cover its annual SO2 emissions, 
and either banks or sells the balance. Once Mohave closes it will have the full 50,000 allowances to sell every 
year.  At today’s market price of $600-$700 per allowance per year this would result in potential, unearned 
revenue stream to the owners of between $30 and $35 million per year.” (Hedden et al. 2005). 
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In November 2006, OSM distributed its Draft Environmental Impact Statement for the 

Black Mesa Project although the future of the Mohave Generating Station was unknown 

(SRP was still pursuing a new participant-owner for the facility).  The 2006 Draft EIS had 

three alternatives; OSM’s “preferred alternative” was alternative (A):  approval of the Life-

of-Mine revision and all activities in Peabody’s original Permit Application Package.  

Alternative (B) included conditional approval of the Life-of-Mine revision without approval 

of the mining activities, and alternative (C) was disapproval of  both the mining activities and 

permit revision.  Public hearings followed and OSM began work on its Final EIS. 

On 6 February 2007, SRP announced that it was no longer pursuing the reopening of the 

Mohave Generating Station; EIS procedures were halted.  Peabody notified OSM that it 

intended to amend its pending Life-of-Mine permit application and remove the proposed 

mining activities that supported MGS.  Peabody now assumed responsibility as the principal 

applicant for the final EIS procedures should they be restarted.  However, Peabody’s latest 

amendments would expand the mine area another 19,000 acres (this included changes after 

the 2006 proposal comment period had ended); change the LOM Permit to allow mining 

until all coal was extracted; and bring existing facilities into compliance under SMCRA. 

Although MGS was unlikely to reopen, it had not been decommissioned and remained 

permitted for operation. 

On 23 May 2008, OSM restarted EIS procedures and its work on the Final EIS for the 

Black Mesa Project.  In June 2008, the Natural Resources Defense Council (NRDC) wrote 

to OSM’s Dennis Winterringer, Leader of the Black Mesa Project EIS, requesting that OSM 

immediately suspend the public comment period on the Black Mesa Project Draft 

Environmental Impact Statement because Peabody had only stated its intention to amend its 
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current application, but that they had not actually submitted any such application.  Thus, 

there currently was no federal action pending before the agency.  Because OSM’s preferred 

alternative had changed to Alternative B, which had been modified by Peabody, “mitigation 

measures, alternatives, and environmental impacts must be considered with respect to newly 

proposed and preferred alternative—the modified alternative B” (NRDC 2008).   

On 24 June 2008, Allen Klein, Director of OSM’s Western Region, responded in letter 

to the NRDC stating that the modified preferred-alternative would have less of an impact 

than that analyzed in the Draft EIS, and that—combining the 2 sixty-day public comment 

periods—the public has had ample notification and time to comment on the draft EIS, 

“Therefore, we are not, as you requested, suspending or indefinitely extending the reopened 

comment period for the Black Mesa Project Draft EIS” (Klein 2008).   

In November 2008, OSM distributed its Final EIS for the Black Mesa Project. 

 

USGS: Unintended Bias and Decreasing Trend (2007) 

 

In 2007, after nearly forty years of industrial groundwater pumping, the USGS Black 

Mesa Monitoring Program reported negative trends (Truini and Macy 2007).  Overall, total 

groundwater withdrawals were continuing without any significant departure from historical 

extraction rates: industrial withdrawals increased by 3% from the prior year and municipal 

withdrawals increased by 0.35%; combined withdrawals totaled 7,330 acre-feet in 2007.  

Compared to the pre-stress period (1965), the median water level change for 29 wells was -

8.5 feet: -46.6 feet for 16 wells in the confined area and -0.2 feet for 13 wells in the 
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unconfined area.  Significant declines occurred in the confined area at wells PM2 (-196.2 ft), 

BM3 (-103.6 ft), BM5 (-94.3 ft), and BM6 (-161.7 ft).  

Prior to 2006, USGS reports used logarithmic charts that concealed the negative spring-

discharge trends at Moenkopi School and Burro Springs.  In 2005 and 2006, discharge had 

decreased 3.5% at Moenkopi School Spring and by 15% at Burro Spring.  For each spring’s 

period of record, discharge has fluctuated but shows a decreasing trend (Figures 34 and 35).   

 

 
Figure 32. Moenkopi School Spring discharge (data from Truini and Macy 2007) 
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Figure 33. Burro Spring discharge (data from Truini and Macy 2007) 

 

Concentrations of dissolved solids and chloride at Moenkopi School and Burro Springs 

indicate an increasing trend; sulfate concentrations at Moenkopi School Spring also indicate 

an increasing trend (Truini and Macy 2007).     

 “Surface water discharge” as measured by USGS is an aggregate of groundwater 

discharge from the aquifer to washes and runoff from rainfall and snowmelt.  USGS uses the 

median flow for November, December, January, and February to estimate groundwater 

discharge as this period is less-affected by direct runoff.  This measure is an index to evaluate 

groundwater discharge time-trends rather than an absolute estimate of discharge53

                                                 
53 USGS states “A more rigorous and accurate estimate would involve detailed evaluations of streamflow 
hydrographs, flows in to and out of bank storage, gain and loss of streamflow as it moves down the stream 

.  Median 

flows have generally decreased at each streamflow-gauging station for the period of record.    
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Groundwater samples taken in Keams Canyon exceeded the Secondary Maximum 

Contaminant Level (SMCL) of 500mg/L; PM2 measured 588 mg/L.  That well also 

exceeded the legally enforceable Maximum Contaminant Level (MCL) for arsenic (10 μg/L), 

measuring 40 μg/L (Truini and Macy 2007). 

 

CHIA Revision (2008) 

 

In 2008, OSM revised the 1989 Cumulative Hydrologic Impact Assessment for the Black Mesa 

Complex (OSM-CHIA 2008); the 2008 revision supersedes the prior study and includes 

significant changes to definitions, baseline data, spatial and temporal reach of the impact 

areas, modeling methods and predictions, and criteria for determining material damage (A 

thorough overview of these changes is provided in Postaudit III). 

 

Approval of Permit Application Package (2008) 

 

On 22 December 2008, OSM entered its approval of Peabody’s permit-revision 

application; the Black Mesa-Kayenta Mine Complex was fully permitted with a permanent 

Life-of-Mine permit through 2026 (the permit to pump groundwater for the Kayenta Mine 

was approved in 1990) (OSM-EIS 2009).  The 2008 permit incorporated the surface facilities 

and coal reserves of the adjacent Black Mesa Mine — which had been operating without a 

permit under OSM’s “initial regulatory program” since the 1970s, and under a pending-

                                                                                                                                                 
channel, and interaction of groundwater in the N-aquifer with groundwater in the shallow alluvial aquifers in 
the stream valleys” (Truini and Macy 2007). 
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permit in “administrative delay” since 1985 — into the permanent permit for the Kayenta 

Mine.  “The expanded permit area will now largely coincide with the lease boundary area and 

coal reserves that the Navajo and Hopi Tribe leased to Peabody” (OSM 2008).  At the time, 

there was no plan to mine the coal reserves in the Black Mesa portion of the complex.   

 

Monitoring (2008) 

 

For the period 1968 to 2007 (total pumpage for 2008 was not available when this study 

was prepared), industrial withdrawals averaged 3,946 af/y; maximum pumpage occurred in 

2002 (4,640 acre-feet).  Total municipal groundwater pumping for the same period averaged 

2,281 af/y; pumpage in the confined portion of the N-aquifer averaged 1,088 af/y while 

pumpage in the unconfined portion averaged 1,193 af/y.  Maximum total municipal 

pumpage occurred in 2002 (3,360 acre-feet).  For the period from 1968 to 1998, Peabody 

accounted for 63.6% of total pumpage from the N-aquifer; municipal pumping accounted 

for 36.6% (Figure 36). 

In 2008, the annual report for the USGS Black Mesa Monitoring Program was held up 

and was initially to be published in October 2008; subsequently, further delays, perhaps due 

to a backlog at the publishing office, would hold up its publication until 2009.  The report 

was finally made available on 12 January 2009 (for water year 2007), a few weeks after OSM 

approved Peabody’s Life-of-Mine permit application on 22 December 2008. 

Further consultation with the USGS office in Flagstaff revealed the Director of the 

Black Mesa Monitoring Program would no longer be the Director of the program and a new 

hydrologist would lead the program beginning the following year. 
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Figure 34. Groundwater withdrawals 1965 to 2008 (data from Macy 2009) 
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It is significant to note that given the CHIA-revision changes (OSM-CHIA 2008), 

Moenkopi School Spring, Pasture Canyon Spring, and the unnamed spring near Dennehotso 

are no longer within the Surface Water Cumulative Impact Area. Despite the negative trends 

reported in 2007 for Moenkopi School Spring (discharge and chemical quality), OSM will no 

longer consider any changes in the spring as a result of mining operations.   

Further, the 2008 monitoring report shows that the trends at Moenkopi Spring have 

continued: discharge decreased by 18.9%; discharge decreased again the following year by 

7.7% from the previous year’s outflow, and a decreasing trend is apparent for the period of 

record (Truini and Macy 2008; Macy 2009).   

 

 
Figure 35. Moenkopi School Spring discharge (Data from Macy 2009) 
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Dissolved solids, chloride, and sulfate concentrations have also increased at Moenkopi 

Spring during the 12 year+ period of record.  Only one spring is still within OSM’s surface 

water CIA and may be considered for material damage; however, no measurements for 

Burro Spring were taken by USGS in the 2008 report.  Only 1 well and 1 spring were tested 

for chemical quality, down from 6 and 2 in 2007, respectively (Truini and Macy 2008).   

No groundwater sample was taken at Keams Canyon well PM2 where arsenic levels 

exceeded the EPA’s Maximum Contaminant Level in 2007; however, the water-level change 

for Keams Canyon PM2 was measured.   

From 1965 to 2007, the median water-level change tested at 30 wells throughout the 

Black Mesa study area was -11.1 feet; the median change in the confined portion of the 

aquifer was -40.2 feet and ranged from -205.1 feet at Keams Canyon PM2 to 1.47 feet at 3K-

311 (Truini and Macy 2008).  The largest groundwater declines occurred in the Peabody 

well-field and near municipal pumping centers; USGS observation wells in the confined 

portion of the N-aquifer (BM2, BM3, BM5, and BM6) have been in consistent decline since 

the early to mid 1960s (Truini and Macy 2008). 

In 2007, the USGS measured median winter flow rates (November, December, January, 

and February) as an index to evaluate groundwater discharge time-trends rather than an 

absolute estimate of discharge.  The 2007 report stated that median winter flows have 

generally decreased at each streamflow-gauging station for the period of record.  However, 

the 2008 report reverses this assessment: “For the period of record at each streamflow 

gauging station, the median winter flows have generally remained constant as indicated by 

trends calculated by using the method of least squares” (Truini and Macy 2008).   
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PART IV:  POSTAUDIT 
 
 
 
Your editorial, “Saving the Hopi Culture” (April 14), requires clarification and correction…   
The facts are stated below… Peabody Western’s use of water from the Navajo aquifer has no 
significant adverse impact on groundwater use on the Hopi Reservation. We are not aware of 
any “fact-based studies” which contradict these results… Changes in the flows from their 
springs may be the result of drought conditions in the region, and perhaps from increased 
pumpage from the Hopi community wells located near these springs…. but Peabody Western’s 
pumping from wells that are 2,500-3,000 feet deep does not affect these springs. 
 

~W. Howard Carson (1994)  
President, Peabody Western Coal Co. 

 
 

The latest study, and to date the most significant study is the development of the three-
dimensional model of the N-aquifer, and Peabody sponsored that model.  That model cost us 
about three-million dollars to develop and took almost three years—it is the most comprehensive 
tool to use to measure the impacts of our water use… Our use of the Navajo Aquifer is 
unrelated to the behavior of the springs, locally, because they’re not connected.   
 

~ Brian Dunfee (2002) 
Environmental Engineer, Peabody Western Coal Co. 

 
 

…this particular model is extremely unusual… we can actually look at the results and 
compare it to what’s really happening in nature. And it’s happening—the model predicts 
what’s going on.   

 

~ Carla Johnson (2002) 
Waterstone Environmental Hydrology and Engineering, Inc. 

 
 

Because springs in the vicinity of Tuba City and Moenkopi area lie considerably outside of the 
confined region of N-aquifer, there have been and will be no impacts to these springs 
attributable to mining.  

~ Office of Surface Mining Reclamation and Enforcement 
OSM-CHIA (2008: 86) 

 
 

…predictions should not be made and accepted but then forgotten. 
 

~L.F. Konikow (1986) 
US Geological Survey 
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11.   PRE-DEVELOPMENT PREDICTIONS (1968-1998) 

 

Synopsis 

 

 
The postaudit of industrial groundwater exploitation at Black Mesa evaluates the 
predictions from three distinct prediction-periods; the earliest predictions were 
made prior to the development of the mine.  Comprehensive Environmental 
Impact Statements were not produced because development of the mine and its 
associated infrastructure commenced operations prior to the passage of NEPA; 
however, draft and final Environmental statements outline the development plan for 
the first thirty-five years of operations and provide cursory predictions of 
impacts resulting from industrial groundwater development.  This chapter 
reviews the development of production wells in the Peabody well-field; industrial 
withdrawals; estimates for storage, recharge, and leakage; and provides a 
regression analysis of pre-development water-level predictions (1968) to 
observations (1998) following thirty years of development.  The prediction 
period includes 1966 through 2003. 
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The following hydrogeological assumptions, development plans, and impact predictions 

were forwarded by numerous individuals working on behalf of Peabody Western Coal 

Company (Stetson 1965, 1966, 1971; Mullins 1970; Krieger 1971; Phelps 1971).  Hydrology 

consultants referenced studies by the USGS (Cooley et al. 1964) and the New Mexico 

Geological Society (1958) regarding all hydrogeological information used in their economic 

and physical feasibility studies (Stetson 1965, 1966); no new studies were performed.   

Subsequently, information from the feasibility studies was integrated into the first policy-

related studies for Black Mesa: the Bureau of Reclamation’s Draft Environmental Statement for 

the Black Mesa Coal Mining Operation (USBR 1971) and Final Environmental Statement for the 

Navajo Project (USBR 1972).  Because contracts (and some construction) for all mine-related 

infrastructure had been completed prior to the passage of NEPA, full impact assessments 

were not required.   

Public concern regarding the massive coal-energy build up in the Four Corners region 

led the Department of Interior to conduct its Southwest Energy Study (1971, 1972a-f), a 

fourteen volume report addressing coal-energy development throughout the southern 

Colorado Plateau.  In this report, no new hydrogeological data were ascertained in regard to 

the Black Mesa Complex; all hydrogeological information and predicted impacts are 

referenced to the aforementioned feasibility studies, the USGS study, the NMGS study, or to 

the Bureau of Reclamation’s environmental statements. 
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Wells 

 

Peabody will develop five pumping wells that tap the Navajo Sandstone aquifer (N-aquifer). They will 

be spread two miles apart, reach a depth of 3,600 ft, and cased and cement grouted to a depth of 2,000 feet 

below the surface to prevent pumping from shallower aquifers.   

At a 1971 status report meeting on the development of Peabody’s Black Mesa coal-field, 

hydrology consultant Thomas M. Stetson explained that four or five wells would be needed 

to obtain the 3,200 acre-feet per year.  The wells needed to be“3,500 to 3,800 feet deep each 

with the upper 2,000 feet of each well being sealed off so that the only water occurring 

below a depth of 2,000 feet would be pumped by Peabody.  In this manner, there would be 

no effect at all on wells on Black Mesa which penetrate the shallower formations or on 

springs issuing from these formations” (Stetson 1971).   

Stetson concluded: “There have been absolutely no adverse effects on any other wells or 

springs to date, and it is expected that there will be no adverse effects caused by the Peabody 

well pumping for many, many years, if ever, on the Peabody wells themselves” (Stetson 

1971).  At that time, the power plants associated with the mine were not fully operational, 

and the mine was extracting about one-third of its predicted average-withdrawals per year.   

By 1984, the Peabody well-field was comprised of nine wells into the N-aquifer.  The 

original test-well, NAV1, was drilled to 5,735 feet below land-surface as a test well and has 

only been used for observational purposes.  Eight more wells, NAV2 through NAV9, are 

productions wells used for withdrawing groundwater for mine-operations; they were 

reported to be cement-grouted, spaced 2 miles apart, 3,600 feet deep, and have pump intakes 
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1,800 feet below land-surface (NAV2-6 were developed in 1967-1968.  NAV7 was 

completed in 1972.  NAV8 in 1980, and NAV9 in 1983). 

In 1984, the Director of the Navajo Nation’s Water Management Department explained 

that the original seven wells were perforated through numerous aquifers and, under non-

pumping conditions, provided a channel between the aquifers that could adversely affect the 

chemical quality of the N-aquifer (Zaman 1984).   

All seven of the original production wells ignored Stetson’s (1966) construction-

recommendations for protecting water quality, and all seven had to be replaced.  Wells 

NAV2 and NAV5 were reconstructed in 1983 in an attempt to close open intervals to the 

D-aquifer.  In 1984, NAV3 and NAV6 were completely replaced with wells drilled nearby 

that opened only to the N-aquifer.  Information regarding the other three wells is unknown. 

 

Withdrawals 

 

Peabody will withdraw an average of 2,400 acre-feet per year over the 35 year lease period. Maximum 

withdrawals in any single-year will not exceed 3,200 acre-feet. 

Although Stetson (1966) estimated average annual-withdrawals at 3,200 af/y, the 

leadership at Peabody, Bureau of Reclamation, and Department of Interior all stated that 

withdrawals would average 2,400 af/y, and maximum withdrawals would not exceed 3,200 

acre-feet (Mullins 1970; Krieger 1971; Phelps 1971; USBR 1971, 1972; SWETF 1972). 

Industrial withdrawals commenced in 1968 but they were relatively insignificant until 

both of the Mohave Generating Station’s (MGS) two units became fully operational.  In 

1972, the first full year that the Black Mesa Coal Mine delivered coal-slurry to MGS, Peabody 
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pumped 3,680 acre-feet from the N-aquifer, exceeding predictions for both average and 

maximum annual withdrawals.  In fact, for the period 1968 to 2003, industrial withdrawals 

averaged 3,708 af/y, approximately 1,308 af/y (or 55%) more than the predicted average.   

Once both power plants became fully operational, Peabody never withdrew less than the 

predicted maximum withdrawals except for 1985 when MGS was shut down for six months 

(yet industrial withdrawals still exceeded the predicted average by 120 af). 

For the period 1972-2003, industrial withdrawals averaged 4,274 af/y, exceeding the 

predicted average by 1,874 af/y (78%), and predicted maximum by 1,074 af/y (34%).  

The maximum single-year pumpage occurred in 1982 (4,740 acre-feet), exceeding the 

predicted maximum by 1,540 acre-feet (48%).   

 

 
Figure 36. Industrial withdrawals 1968-2003 (data from USBR 1971, 1972; Macy 2009) 
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Storage 

 

Groundwater storage of the N-aquifer is estimated at 10 million acre-feet.  It is separated from the 

poorer-quality alluvial, Dakota, and Coconino Aquifers by impermeable formations that prevent leakage 

into the higher-quality N-aquifer.  A substantial, though unknown portion of groundwater pumped from the 

N-aquifer will be naturally recharged.  Discharge and evapotranspiration from the N-aquifer has not been 

estimated.  

Estimates for the N-aquifers total storage capacity have grown profoundly since the pre-

development period.  The original feasibility study provided only perfunctory descriptions of 

Black Mesa’s hydrogeological system and makes reference to the Guide Book of the Black Mesa 

Basin, published by the New Mexico Geological Society (1958) regarding the physical 

characteristics of the N-aquifer.  The study estimates total storage capacity of the N-aquifer 

at 10 million acre-feet (Stetson 1966) 

In the 1980s, the USGS had estimated storage at 180 million acre-feet (Eychaner 1983; 

Brown and Eychaner 1988).  In 1997, USGS increased its storage estimate to 293 million 

acre-feet (Lopes and Hoffman 1997).   

The most recent storage estimate was made in 1999 when Peabody increased the 

boundary area of the N-aquifer and increased its storage capacity to 400 million acre-feet 

(HSIGeoTrans and WEHE 1999; also GeoTrans 2005).     
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Recharge 

 

 “Estimated annual recharge to the Navajo-Kayenta and Wingate formation in the basin 

is 235,000 acre-feet” (Stetson 1966).  The outcrop area nearest the mine, near Shonto, was 

estimated to provide 50,000 acre-feet of the total recharge (Stetson 1966). 

In 198os, the USGS estimated recharge at 13,000 acre-feet per year (Eychaner 1983; 

Brown and Eychaner 1988).  In 1987, Peabody developed a 2D groundwater model that 

similarly estimated a recharge of 13,380 acre-feet (GeoTrans 1987).   

In 1997, USGS ascertained that the rate of recharge during the recent geological period 

(i.e., occurring during the last 10,000 to 2,700 years) has been between 2,500 and 3,500 acre-

feet per year.  More than 90 percent of the water currently in storage entered the N-aquifer 

during glacial periods; as groundwater flows away from the Shonto area, its age increases to 

at least 35,000 years old in the south and southeast portions of the confined aquifer (Lopes 

and Hoffman 1997).  

 
“Estimates of average annual recharge in the northwestern part of the study area 
during the glacial periods was about four times the average annual rate of the 
past 10,000 years. Although uncertainties exist in the estimated values of 
recharge rate, the greater recharge rate for the glacial periods is well outside the 
level of uncertainty for the recharge calculation and coincides with known 
climatic changes” (Lopes and Hoffman 1997). 

 

The spatial increase of Peabody’s 3D model not only increased the total storage capacity 

of the N-aquifer, but also the natural recharge.  The model-report explains the breakdown of 

the recharge estimate: 11,000 af/y comes from the infiltration of precipitation and snowmelt 

runoff, and another 4,000 af/y comes from leakage from the overlying D-aquifer for a total 
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of 15,000 af/y (HSIGeoTrans and WEHE 1999).  However, the also explains that compared 

to the characteristics of other hydrogeological basins near the Black Mesa basin, this estimate 

“may be low by about 4 to 5 times”.  In other words, annual recharge to the N-aquifer may 

be as much as 60,000 to 75,000 acre-feet per year (HSIGeoTrans and WEHE 1999). 

Carla Johnson, Principal and founder of Waterstone Environmental Hydrology and Engineering 

(WEHE), explained, “The aquifer naturally replenishes itself every year…. This aquifer right 

now in this geologic time period is recharging about 18,000 acre-feet per year” (WEHE 

2010). 

 
 

 
Figure 37. Estimates of natural recharge to the N-aquifer 
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Leakage  

 

Given the physical characteristics of the N-aquifer, it is theoretically possible that 

drawdown in the N-aquifer could induce leakage from the overlying and poorer-quality D-

aquifer, adversely affecting the water-quality.  This was a primary concern to the Hopi and 

Diné communities. 

However, Stetson (1966, 1971), Mullins (1970, 1971), USBR (1971, 1972), and US DOI 

(1972) affirmed that leakage would not occur:  “The sandstone aquifers supplying water to 

the Peabody wells contain a vast quantity in storage, which is isolated from water in the 

relatively shallow local wells on the mesa by impermeable formations overlying the Navajo, 

Kayenta, and other deep formations” (USBR 1971, emphasis added).   

In 1988, USGS estimated that leakage from the D-aquifer was occurring but was 

relatively insignificant in comparison to storage: approximately 330 acre-feet per year (Brown 

and Eychaner 1988).   

However, in the southern portion of Black Mesa, the Carmel Formation (which 

separates the overlying D-aquifer from the N-aquifer) thins significantly compared to the 

northern portion of Black Mesa, near the Peabody well-field, where the Carmel is nearly 250 

feet thick near Kits’iili.   

In 2003, USGS concluded that water chemistry between the D and N-aquifers in the 

northern portion of Black Mesa differed greatly while comparisons of chemical quality in the 

southern portion of Black Mesa had no statistically significant differences: 
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The 87SR/86SR values in the Black Mesa area indicate that leakage is occurring in 
areas far from the recharge area where the N-aquifer is thin and the lateral-flow 
component is small…. Vertical drawdowns have increased the differences 
between the potentiometric surfaces of the D and N aquifers by greater than 
one-third in the area of most apparent leakage. (Truini and Longsworth 2003)   

 

The authors concluded, “The system, however, has evolved to the present conditions 

over thousands of years, and although development has caused an increase in the hydraulic 

gradient over the past few decades, geochemical evidence may take centuries to be 

detectable” (Truini and Longsworth 2003).   

In 2005, USGS refined the primary leakage area on the basis of lithologic and natural 

Gamma data from wells. Within this southern region, the Carmel Formation thins to as little 

as 50 feet; area of least thickness “coincide with the areas where 87SR/86SR values and major-

ion data for groundwater indicate that D aquifer water has mixed with N aquifer water as a 

result of Leakage” (Truini and Macy 2005).  USGS made no volumetric leakage estimate. 

 

Water-Levels  

 

It was estimated that recharge should far exceed the proposed discharge, so the 
actual decline should be nil. (Stetson 1966:16) 

 

In consideration of potential water-level decline resulting from industrial groundwater 

pumping, the Bureau of Reclamation concluded “The predicted decline does not appear 

sufficient to dewater the N multiple-aquifer system at any place.”  Moreover, “If these 
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preliminary results are substantiated by further field studies, then the draw-down in the 

aquifer will be less than previously predicted from the hydrologic model”54

Water-level predictions were provided in six communities (Peabody does not disclose 

water-level data from the lease area).  The water-level for wells that are monitored in each 

general location are included in this analysis.  

 (USBR 1972) 

The scatter plot and residual plot (frequency distribution of error) for the pre-

development predictions (1966) and observed water-levels (1998).  Regression analysis 

shows a weak relationship between predictions and observation (R2 = 0.07; p = 0.25). 

 

 

Table 5. Predicted and observed water-level (1971-1998) 
 

 
Predicted (USBR 1971) and observed (Truini et al. 2000) water-level. 
 

                                                 
54  Citation for “the hydrologic model” is not given; however, it is believed that this is in reference to a 
numerical model by Wood (1971). 
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Figure 38. Communities overlying the N-aquifer (in Truini et al. 2000) 
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Scatter Plot with Fit:  
Pre-Development Water-Level Predictions (1966) and Observed Water-Levels (1998) 

 

 
Figure 39. Regression of water level predictions (1966 to 1998) 
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Pipeline Operations 

 

The Black Mesa Pipeline is buried a minimum of three feet below the surface to prevent spillage; it is 

taped and padded to prevent damage from the surrounding strata.  In case of maintenance or emergency, each 

pump station is equipped with a dump-pond large enough to hold that segment’s contents, preventing spillage.  

Between 1994 and 1999, the 275 mile Black Mesa Pipeline failed twelve times; eight 

failures spilled coal-slurry onto the landscape or nearby washes.  It has been estimated that 

approximately 2,290 tons of coal-slurry was spilled; no reclamation procedures or impact 

studies were performed. 

 The pipeline failures that occurred after May 1998 followed a letter from the EPA 

stating that corrective actions needed to be taken for insufficient prevention of pipeline 

failures and spillage (Brolick 1998-99; Strauss 1998). 

 

Summary 

 

Predevelopment predictions for the N-aquifer’s response to industrial groundwater 

development were cursory; this is apparent in review of predevelopment estimates and given 

the results of regression analysis.    

Storage estimates would subsequently increase from 180 million acre-feet (Brown and 

Eychaner 1999) to 400 million acre-feet (HSIGeoTrans & WEHE 1999), and recharge 

would range from 2,500 acre-feet (Lopes and Hoffman 1997) to 75,000 acre-feet 

(HSIGeoTrans & WEHE 1999; OSM-CHIA 2008).  
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For the period 1968 to 2003, industrial groundwater withdrawals averaged 3,708 acre-feet 

per year, 55% more than the predicted average.  For the years that MGS was fully 

operational, annual industrial withdrawals exceeded the predicted average by 78%, and the 

predicted maximum by 34%.  During this period, Peabody never withdrew less than the 

predicted maximum withdrawal for any single year.  For the six months in 1985 that MGS 

was operational, the mine pumped 2,520 af, exceeded the predicted average by 120 af. 

Prior to development, Peabody asserted that impermeable layers protected the N-aquifer 

from the poorer quality water in the overlying D-aquifer.  By 1999, Peabody estimated that 

natural leakage from the D-aquifer was recharging the N-aquifer at a rate of 4,034 acre-feet 

per year.  Initially explained to be non-existent, natural leakage occurred at such a high 

volume as to make up all of the groundwater that Peabody withdrew from the N-aquifer for 

the period 1968-2008. 

The Black Mesa Pipeline failed twelve times by 1999, dumping 2,290 tons of pure coal-

slurry upon the landscape.  No clean-ups or impact studies have been conducted to assess 

the affected environment. 

The regression analysis of predicted and observed water-levels affirms the perfunctory 

nature of most of the predictions provided in the pre-development studies.  The analysis 

showed a wide scatter of data-points (R2 = 0.07; p = 0.25), indicating that the pre-

development predictions (1966) poorly matched the measured water-levels (1998).  The 

residual plot illustrated that errors were not normally distributed, and bias existed towards 

underestimated decline.
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12.   USGS MODEL PREDICTIONS55

 

 (1988-2009) 

Synopsis 

 

In response to a 1985 application from Peabody Western Coal Company that 
proposing new mining activities and revision of the existing mine-permits, OSM 
performed a Cumulative Hydrologic Impact Assessment (CHIA) and Environmental 
Impact Statement (EIS) for the proposed actions. The CHIA established material 
damage criteria that would be used for determining if mining activities had 
caused adverse impacts to the hydrologic cycle of the N-aquifer.  The criteria are 
based upon the simulation results of the 1988 USGS groundwater model. The 
criteria were also summarized in the EIS.  OSM determined that material damage 
would not occur in response to the proposed mining activities.  The prediction 
period for this chapter includes 1988 to 2009. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
55  It is important to recognize that the USGS has no regulatory authority for the Black Mesa-Kayenta Coal 
Mine, and the USGS Black Mesa Monitoring Program and USGS groundwater model (Eychaner 1983; Brown 
and Eychaner 1988) were neither designed to provide the information for, or were intended to be the basis of, 
the criteria for evaluating the status of the N-aquifer.  These applications were used solely by the Regulatory 
Authority at the mine, OSM.  
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 Proposed Action (1985) and Environmental Impact Statements (1989, 1990) 

 

In 1985, the Office of Surface Mining Reclamation and Enforcement (OSM) received a 

permit application package from Peabody Western Coal Company (Peabody) seeking a 

permanent “life-of-mine” permit to cover operations at the Black Mesa complex through 

2011.  The application proposed to (1) integrate all former mining-permits to create a single 

operating unit among the two contiguous mines; (2) authorize the disturbance of an 

additional 13,787.4 acres through the lease period; and (3) authorize a facilities-upgrade to 

bring the mining operation up to current federal performance standards (OSM-EIS 1989).   

Under the National Environmental Policy Act of 1969, the proposed actions required the 

production of an environmental impact statement (EIS); under the Surface Mining Control and 

Reclamation Act of 1977, a permit cannot be issued until the lead agency has performed a 

cumulative hydrologic impact assessment (CHIA) that discloses the impacts and mitigation 

measures resulting from the proposed actions56

As the regulatory authority at the mine, OSM contracted with the USGS in 1986 to 

update the groundwater model (Eychaner 1983) and study the potential effects of the 

proposed actions; this resulted in the 1988 version of the USGS model (Brown and 

Eychaner 1988).   

.   

USGS has consistently tested, modified, calibrated, updated, and refined the 

groundwater model since its first iteration.  OSM used the model’s simulation results as the 

                                                 
56 United States Code 30 (1999): §§ 1257(b), 1260(b), and SMCRA, sections 507(b)(11) and 510(b)(3), and 
Regulation 30 CFR 780.21(g), require that OSM assess the cumulative hydrologic impacts related to the Black 
Mesa-Kayenta mining operation prior to the issue of the proposed “life of mine” permit. 
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basis for its Cumulative Hydrologic Impact Assessment (CHIA) which was integrated into the 

Draft- and Final-EIS (OSM-CHIA 1989; OSM-EIS 1989, 1990).   

The 1988 model ran five pumping scenarios for the period 1985 through 2032 (twenty 

years after groundwater pumping would cease under the proposed lease).  Four of the 

scenarios (A-D) set future mine pumpage at 4,400 acre-feet per year, and municipal pumping 

begins at 2,130 af/y.   

Scenarios A and B represent the proposed mining plan: in both scenarios, mine 

withdrawals are held constant through 2006, reduced to 1,100 af/y from 2007 through 2011, 

and cease completely in 2012.   

In scenario A, community withdrawals held constant at 2,130 af/y.   

In Scenario B, community withdrawals increase 2.5% annually (this was the proposed 

scenario in Peabody’s application; its predictions are those tested in this postaudited). 

Scenarios C and D project combined mine and community pumpage through 2031—

twenty years longer than the existing plan; mine pumping ceases in 2032.   

In scenario C, community withdrawals are held constant at 2,130 af/y.   

In scenario D, community withdrawals increase 2.5% annually. 

Scenario E examines community pumping alone: mine pumping is terminated 1985, and 

community pumping increases by annually 2.5%. 
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Table 6. USGS model pumping scenarios 
 

 
Data from Brown and Eychaner (1988) 

 

Due to the 2005 closure of the Mohave Generating Station, Black Mesa Mine, and Black 

Mesa Pipeline, the 75% reduction in industrial withdrawals that was planned to occur in 

2007 began in 2006, exactly one year earlier than projected.  Thus, the mine had one extra 

year of groundwater recovery, and theoretically, measured water levels should be higher, and 

discharge should be greater, than the model’s predicted water-levels and discharge rates. 
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Record of Decision (1990) 

 

Having concluded that all mining-related impacts would be negligible or minor57

The Bureau of Land Management approved the “life-of-mine” permit for Kayenta Mine; 

however, the Secretary of the Interior upheld the permit for the Black Mesa Mine under 

“administrative delay” given heightened pressures regarding the use of N-aquifer water.  

Nonetheless, operations were allowed to continue without interruption until the final 

decision was made.   

, OSM 

submitted the Final-EIS for review by the US Environmental Protection Agency in 1990. 

 

EIS Predictions 

 

EIS Predictions for groundwater-withdrawals and water-levels at communities are 

compared to observed-measurements in 2008 (water year 2007).  A regression analysis is 

performed for overall water-level predictions in the confined portion of the N-aquifer.   

CHIA criteria for Potentiometric head (i.e. structural stability of the N-aquifer), leakage 

(i.e. chemical quality of the N-aquifer), discharge from springs, and discharge to washes are 

compared conditions in 2007-2008. 

 

                                                 
57  The 1990 EIS defines impact-magnitude thusly: 
 
Negligible: effects at lower levels of detection   
Minor: detectable effects but slight 
Moderate: readily apparent effects  
Potential to become major: potentially severe adverse effects 
Major: severe adverse effects 
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Industrial Withdrawals (1988–2005) 58

 

 

Industrial withdrawals were projected to remain constant at 4,400 af/y  through 2006, 

then be reduced to 1,100 af/y from 2007 through 2011, and then cease in 201259

 

.  However, 

according to the Final EIS, the model overestimated industrial withdrawals:  

Since 1988, PCC [Peabody Coal Company] has used water from selected 
impoundments for dust suppression instead of water from the N-aquifer.  This 
equates to approximately 400 acre-feet of water per year that is not removed 
from the N-aquifer… For this reason, the 4,400 acre-feet per year used in the N-
aquifer simulation overestimates the withdrawal from the N-aquifer system by 
400 acre-feet or approximately 9 percent. (OSM-EIS 1990: IV-24) 
 

Moreover, because “at no time does the total withdrawal from the system exceed the 

recharge to the system (13,000 to 16,000 acre-feet per year),” all impacts resulting from the 

mine’s withdrawals “are overestimated” (OSM-EIS 1990: IV-24).   

However, industrial withdrawals were not overestimated.  For the period 1990-2005 (the 

year the Final EIS was released through the final year that the coal-slurry pipeline was in 

operation), Peabody withdrew 4,449 af/y.  Assuming that 400 af/y of surface-water was used 

for dust suppression, the mine’s groundwater-budget of 4,000 af/y was underestimated by 

approximately 449 acre-feet per year, totaling 6,735 acre-feet for the fifteen year period60

                                                 
58 See Appendix A for total industrial and municipal withdrawals for the period 1968 – 2008.  The USGS Black 
Mesa Monitoring Program reports also provide this data; the most recent is Macy (2009). 

.  

 
59 Of the total 4,400 af/y, 3,300 af/y for the coal-slurry pipeline, 700 af/y for the mine’s “domestic” needs, and 
400 af/y for dust-suppression.  This assumed average for the coal-slurry pipeline (3,300 af/y) exceeds the pre-
development estimate for maximum withdrawals in any single year (3,200) by 100 af/y (see Postaudit I). 
 
60  A common statement in Peabody and OSM reports is that the Navajo people freely take water from 
Peabody’s wells (as on the preceding page, this fractional component of Peabody’s withdrawals is grouped in 
with the 700 acre-feet designated for the mine’s “domestic” use ).  Recognizing that this usage occurs in the 
context of Navajo residents driving automobiles to the lease-area, filling water-containers at the Peabody wells, 
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Municipal Withdrawals (1988–2005) 

 

Community withdrawals include all Hopi and Navajo communities throughout Black 

Mesa’s 5,400 mi2 hydrologic basin.  Beginning in 1988 (at 2,130 acre-feet), they were 

projected to increase annually by 2.5% (Brown and Eychaner 1988).  For the period 1990-

2005, total municipal withdrawals would be 43,370 af, averaging 2,891 af/y.   

This slightly underestimates community withdrawals for this period, which totaled 

45,930 acre-feet for this period (2,560 acre-feet more than simulated total), and averaged 

3,062 acre-feet per year (170.7 af/y more than simulated average). 

 

Water-Level: Communities 

 

The EIS provides water-level predictions for the Diné communities of Forest Lake, 

Kayenta, Pinon, and Tuba City (which is next to the Hopi village of Moenkopi); the eleven 

Hopi mesa-villages are grouped as a single location.  However, these predictions are not 

presented in a uniform manner, and many are not testable61

 

; comparisons are made where 

possible.  All prediction-information in this section comes directly from Chapter IV of the 

Final EIS, pages 29-30 (OSM-EIS 1990). 

                                                                                                                                                 
and returning to their homes where the water is consumed, it is unreasonable to argue that this component 
accounts for anything more than a miniscule fraction of Peabody’s withdrawals. 
  
61 For example: drawdown near the Hopi villages is due primarily to community withdrawals; 33 of the 
predicted 40 ft. decline at Forest Lake is due to the mine; in 2012 the groundwater-level at Keams Canyon will 
be 121 ft. below the 1985 levels; and maximum decline will occur in 2052 at certain communities. 
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Figure 40. Community wells monitored by USGS (in Macy 2009) 

 

~ Forest Lake 

 

The maximum water-level decline at Forest Lake will occur in 2007, and will be 40 ft. below the 1985 

water-level for that area.  Water levels will recover to the 1985-level in 2009 .  Total decline from the pre-

stress period to 2007 will be 148 feet.  “OSM concludes that the impacts in the area due to mine related 

pumping would be minor over both the short and the long-term” (OSM-EIS 1990: IV-29). 
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Forest Lake (BIA well 4T-523, completed in 1980) is the closest community to the 

Peabody lease-area; located directly south of the coal mine, it was expected to incur the 

greatest mine-related water-level decline of all the communities on Black Mesa.  Given its 

close proximity to the mine and similar hydrogeological characteristics, it is intuitive that the 

model-predictions for Forest Lake would be more accurate than those for more distant 

communities with vastly different hydrogeological characteristics.   

The USGS model estimated the pre-stress water-level at the Forest Lake well at 1,096 ft. 

below land surface (table_); by 1985, the water level had declined 28 ft. to 1,124 ft. below 

land surface.  However, due to the closure of the Mohave Generating Station, the 

withdrawal reduction under Scenario ‘B’ occurred at the end of 2005 rather than 2006: the 

aquifer had one full year to recover in comparison to the simulation.  Thus, the maximum 

water-level decline (1) should occur sooner than 2007, as the model predicted, (2) should be 

less than predicted, and (3) recovery to the 1985 levels should occur earlier than 2009. 

In 2007, the water-level at Forest Lake was 1,189 ft. below land surface, which is 65 ft. 

lower than the 1985 water-level (BMMP 2010; Truini and Macy 2008).  While the predicted 

40 ft-decline between 1985—2007 was off by 25 ft, this underestimated impacts from 

industrial withdrawals at the community closest to the mine by 62.5%.  Because the Forest 

Lake well (NTUA1) was only completed in 1980, water-level decline between the pre-stress 

period to 1984 was estimated by the model: approximately 108 ft (Brown and Eychaner 

1988: 41).  However, total drawdown for the period 1965 to 2007 was recorded by the 

monitoring program at 93.8 ft; because 65 ft of total decline occurred between 1984-2007, 

only about 28.8 ft of drawdown at Forest Lake occurred prior to 1984.  The model estimate 

of 108 ft decline occurring prior to 1985 was an overestimation of approximately 73.3%.   
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Table 7. Well data for 18 wells in the confined portion of the N-aquifer 
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With the early reduction of industrial withdrawals and extra full-year of recovery in 2006, 

maximum water-level decline should have occurred prior to 2007 (as predicted), and 

recovery to the 1985-water-level should have occurred earlier than 2009 (as predicted).  A 

significant lack of recovery by 2009 would indicate error in the conceptual model. 

However, water-levels did not begin to recover following the early reduction in 2006.  In 

fact, water-levels remained approximately 1,190 ft below land surface through 2008.  In 

2009—the year water-level was predicted to recovery to the 1985-level—head at Forest Lake 

had recovered only 3 of the predicted 40 ft (or actual 66 ft) decline.  Given the variation of 

water-level at Forest Lake over time, at the time of this study, it is not yet apparent of 

maximum decline has been reached or if water-level recovery has occurred. 

 

 
Figure 41. Groundwater-levels at Forest Lake NTUA1 (BMMP 2010) 
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~ Pinon 

 

Drawdown at Pinon will be similar to Forest Lake, but community withdrawals will have a greater 

effect.  Maximum water level will decline will be in 2007, being 34 feet below the 1985 levels; total decline 

from the pre-stress period to 2007 will be 106 feet.  “OSM concludes that impacts in the Pinon area from 

mine-related pumping would be minor over both the short and long-term” (OSM-EIS 1990: IV-29). 

The pre-stress water level at Pinon was 743 ft below land surface; in 1985 it was 803.3 ft 

below land surface (a decline of 60.3 ft).  In 2007, the water-level was measured at 904.3 ft 

below land surface, a decline of 101 ft from the 1985-level: drawdown for this period was 

underestimated by 67 ft (97%).  Between 1965 and 2007, water-level declined 161.3 ft, an 

underestimation of 55.3 ft (52%). 

 

 
Figure 42. Groundwater-levels at Pinon well PM6 (BMMP 2010) 
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Water-level continued to decline after the reduction of industrial withdrawals.  In 2008 

and 2009, water-levels were measured at 904.9 ft below land surface (BMMP 2010; Macy 

2009).  At the time this study was conducted, it was unclear whether or not the water-level at 

Pinon had yet reached its maximum decline or if recovery had initiated.  

 

~ Kayenta 

 

The EIS provides no testable predictions for Kayenta; all statements predictions refer to 

ratios that are not testable or prediction-dates that exceed this analysis; however, a table on 

page IV-30 shows drawdown from the pre-stress period to 2007 would be 58 feet.   

Between 1965 and 2007, the water-level at two wells in the immediate Kayenta area have 

been tracked by the USGS monitoring program. By 2007, the well Kayenta West had fallen 

67.5 and BM3 had fallen 106.1 feet (Truini and Macy 2008; BMMP 2010).   

Drawdown at Kayenta was underestimated by 9.5 ft (16%) and 48.1 ft (82.9%), 

respectively (BM3, which is 7.5 miles south of Kayenta, was underestimated by 56%). 

 

  
Figure 43. Groundwater-levels at Kayenta West, left, and BM3 ( BMMP 2010) 
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~ Hopi Mesa Villages 

 

The maximum water-level decline at the Second Mesa village of Kykotsmovi will occur in 2007, and will 

be 68 ft. below the water-level during the pre-stress period.  OSM concludes that the “impacts on the Hopi 

Reservation from mine-related pumping under Alternative 1 would be minor over both the short and long-

term” (OSM-EIS 1990: IV-29). 

The USGS monitors the water-levels at two wells in the Second Mesa village of 

Kykotsmovi (PM1and PM3).  Interestingly, while water-level declined in PM3 by 40.2 ft in 

2007, PM1 increased by 7.9 ft.  With respect to these wells, the groundwater model 

overestimated water-level decline at Kykotsmovi by 27.8 ft (40.9%) and 75.9 ft (111.6%). 

 

 
Figure 44. Water-level for Kykotsmovi PM3 (left) and PM1 (BMMP 2010) 
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~ Tuba City and Moenkopi 

 

Drawdown at Tuba City/Moenkopi is due entirely to community withdrawals.  Total decline from the 

pre-stress period to 2007 will be 51 feet: “OSM concludes that under all alternatives there would be 

negligible short and long-term impacts in the Tuba City/Moenkopi area due to mine-related pumping”. 

USGS monitors six wells within a five mile radius of Tuba City and Moenkopi.  

However, municipal withdrawals occur at three clustered Navajo Tribal Utility Authority 

(NTUA) wells.  From the pre-stress period through 2008, these wells declined by 31 ft, 27.7 

ft, and 27.4 ft, respectively.  Mean decline is 28.7 ft; drawdown was overestimated by 44%.  

 

  
  NTUA4                     NTUA1                   NTUA3 

 
Figure 45. Water-level in the Tuba City well-system (BMMP 2010) 
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Three other wells monitored by USGS are located east and south of Moenkopi.  BIA 

wells 3K-325 and Tuba City Rare Metals increased 6.2 ft and 4.9 ft for the period, while BIA 

3T-333 declined 6.3 ft.  The mean water-level for the three wells is +1.6 ft. (in Truini and 

Macy 2008).  The predicted drawdown of 51 ft was overestimated by 103%.   

Because the model assumes that all water-level change in this area is due entirely to 

community withdrawals, it significantly overestimated the impact of municipal pumping on 

water-level.  Combined, the mean drawdown of the six wells is 13.6 ft, a 73% 

overestimation.  

 

  
       BIA 3K-325                   BIA 3T-333          Tuba City Rare Metals 

 
Figure 46. Water-level for Tuba City BIA/NTUA wells (BMMP 2010) 

 

Two points regarding the model’s conceptual accuracy are significant.  First, because 

the actual water-level decline was overestimated (44% in three NTUA wells, 103% in three 
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BIA wells, and 73% in six area wells), then municipal withdrawals should be overestimated 

by an equivalent amount. 

Municipal withdrawals from the Tuba City well-system were recorded in 23 of 24 years 

for the period 1985 – 2008 (withdrawal data were unavailable in 2006).  For this period, 

projected withdrawals totaled 27,787 acre-feet, for an average of 1,208 af/y62

Actual withdrawals for the same period totaled 24,730 acre-feet, averaging 1,075 af/y.  

Actual withdrawals were overestimated by 3,057 acre-feet, which is 133 af/y, an 11% 

overestimation (Figure 47)..   

.    

Thus, assuming a linear relationship between withdrawals and water-level, the water-

level decline at Tuba City (overestimated by 44% for three wells and 73% for six wells) does 

not correlate with an equivalent overestimation of municipal withdrawals (11%).  

Second, because changes in water-level correlate with change in spring-discharge, the 

overestimated water-level decline should correlate with an overestimated decline in spring-

discharge (the actual decline at Moenkopi School Spring should be less than the predicted 1-

2% decline).  As will be shown, however, this did not occur: Moenkopi School Spring 

declined by 25%, and Pasture Canyon Spring declined by 7% (predicted 0%).   

The models conceptual interpretation of the relationships between municipal 

withdrawals, water-level, and spring discharge does not reflect actual observations.  

                                                 
62 In 1985, the Tuba City well-system withdrew 906 acre-feet, and the model assumed that municipal 
withdrawals would increase annually by 2.5%. 
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Figure 47. Municipal Withdrawals from the Tuba City Well-System. 
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Water-Level: N-Aquifer 

 

The USGS Black Mesa Monitoring Program has used data from 126 wells to test the 

sensitivity and parameters of the 1988 groundwater model.   

 

 
Figure 48. Map of the 126 N-aquifer wells (in Thomas 2002) 

 

Evaluating of the model’s predictive-reliability for water-level is problematic given the 

distribution, concentration, and distance of these wells from the Peabody well-field.  A 
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common misconception in regression analysis is that all of the points along the x,y axis 

(wells) provide equally precise information about the model’s accuracy.   

This is not the case.  To demonstrate this problem, predicted and observed water-levels 

for all 126 wells (as altitude above sea-level) are plotted on a scatter plot (Figure 51).   

 

 
Figure 49. Example regression of 126 N-aquifer wells  
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The coefficient of determination (R2) is 0.99; p = 0.0001, indicating that predictions fit 

observations almost perfectly: the model’s predictive accuracy is high.  The plot of residuals 

(frequency distribution of prediction-errors) indicates that errors are distributed 

approximately normally.  

However, because most Hopi and Diné villages are situated over and draw groundwater 

from the confined portion of the N-aquifer, it is the portion of primary concern (Tuba City / 

Moenkopi is in the unconfined portion, but it will be included in this analysis).  About 73 of 

the 126 wells (58%) are located in the unconfined portion of the aquifer; they are expected to 

be beyond the reach of industrial-withdrawals, but each of these wells (data points) carry the 

same mathematical significance as those near the mine.   

In this example, the large number of unaffected wells included in the example regression 

analysis dilutes the significance of the prediction-errors for the affected wells near the mine 

(i.e. assuming that the wells in the unconfined portion of the aquifer are beyond the reach of 

industrial withdrawals, 58% of the predictions will be 100% accurate).   

Further, of the 53 remaining wells in the confined portion, data for the 9 wells in the 

Peabody leasehold (7%) are not made public, and 9 other wells (7%) occur on the assumed 

confined / unconfined boundary where hydrogeological properties are poorly understood. 

Of the remaining 35 wells (28%), data are available for only 18 (14%), and they are 

generally clustered near the communities on the confined side of the aquifer boundary. 
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26 Community Wells 

 

Twenty six monitored wells are included in the regression analysis.  

The USGS Black Mesa Monitoring Program tracks the water-levels in 18 wells in the 

confined portion of the N-aquifer (including 4 of the 6 USGS observation wells).  All of 

these wells are used in the regression analysis of predicted water-levels.  Two of the six 

USGS observation wells are located in the unconfined portion, near the confined / 

unconfined boundary; the USGS groundwater model (Brown and Eychaner 1988) used all 

six of these wells for calibration, so these two wells are also included in the regression 

analysis.  The six monitored wells located at Tuba City and Moenkopi are also included in 

the regression analysis even though they are in the unconfined portion of the aquifer; when 

the USGS updated the model in 1988, the model grid was subdivided in and around tribal 

communities, including Tuba City / Moenkopi, in order to “provide for greater detail in the 

simulated water levels. The refined discretization of space allowed streams, springs, and wells 

to be located more precisely” (Brown and Eychaner 1988: 4).  The other wells in the 

unconfined portion of the N-aquifer (approximately 67, or 53%) are not included for 

reasons already provided (i.e. assuming they are unaffected by the mine, 53% of the data 

points will have predictions that are 100% accurate).  

Data were collected from the groundwater model (Brown and Eychaner 1988), the 1989 

Cumulative Hydrologic Impact Assessment (OSM-CHIA 1989), the 1990 Final-Environmental 

Impact Statement (OSM-EIS 1990), USGS monitoring reports (1984-2009), and from the 

Black Mesa Monitoring Program website (BMMP 2010).   
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Water-level predictions were not presented uniformly in either the EIS or CHIA.  Some 

were expressed as total decline from the pre-stress period (1965) through 2007, others were 

expressed as additional decline since the model was calibrated (1984) through 2007, and 

some were illustrated as drawdown over various periods on interval-maps.  Table 9 shows 

the well and water-level data for the 26 wells and provides the prediction-source.   

The 1990 EIS provides water-level predictions at sixteen locations (Colum O); ten 

locations are derived by adding the measured water-levels from 1984 (Brown and Eychaner 

1988; BMMP 2009) to the models predicted decline for the period 1985-2007 (Column P).  

Columns O and P reveal that 22 of the 26 wells have predicted declines between 5 and 

100 feet (mean decline of 50 ft); these wells share similar hydrogeological parameters and 

general distance from the Peabody well-field.    

However, 3 wells need to be recognized as potential non-normal data points due to 

vastly greater declined predictions (given their close proximity to the mine).  Forest Lake 

NTUA1 (#128 ), BM6 (#127), and Pinon PM6 (#76) have predicted declines of 148 ft, 125 ft, 

and 106 ft, respectively.  A fourth well, Keams Canyon PM2 (#70 ) taps the thinnest part of 

the aquifer and the predicted decline exceeds 150 ft.  All four wells have greater predicted 

decline that the other wells and/or have hydrogeological properties that setting them apart; 

which can be seen in Figure 52.  In comparison to the data-cluster of the other wells, these 

four wells together act as a lever that pulls the regression line down.     
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Table 8. Well data for 18 wells in the confined N-aquifer 
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Figure 50. Plot of 18 wells in the confined N-aquifer 

 

Because the predicted decline for the 9 wells in the Peabody lease-area far exceeds the 

predicted decline in the fourteen community wells, but is similar to the four potential wells 

with nonnormal values, it remains unknown how these wells would have affected the 

regression analysis.  These nine wells may have provided a more even distribution of data 

points for the analysis, or they could have been grouped together in a separate analysis with 

the four potential “outlier” wells to evaluate prediction-accuracy in wells with comparable 

aquifer-parameters and location.  However, all eighteen wells are used in this analysis.   

The Scatter-Plot for the 26 wells (R2 = 0.42; p < 0.01) suggests a moderate relationship 

between predicted and actual water-levels63

 

.   

                                                 
63  Removal of the four non-normal values (R2 = 0.28; p < 0.01) suggests a poor relationship between the 
predicted and observed water levels among wells in the same hydrogeological area of the mine. 
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Scatter Plot of Water-Levels with Fit:  
26 Wells throughout the N-Aquifer 

 

 
 

Figure 51. Scatter-Plot and Plot of Residuals, 26 wells N-aquifer wells  
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Water-Level Prediction-Errors in Relation to Distance from the Mine 

 

It is likely that prediction-errors will vary as a function of distance from the center of the 

Peabody well-field.  To determine if such a relationship exists, the location of the wells in the 

confined portion of the N-aquifer was identified using latitude and longitude; the 

approximate center f the Peabody well field (NAV4) was also estimated. The distance of 

each N-aquifer well from Peabody NAV4 was calculated.   

Regression analysis was performed using well-distance from the mine and water-level 

prediction-error.  However, with the available data set, no appreciable relationship between 

these variables exists (R2 = 0.02; p = 0.617).   

 

Table 9. Distance of 18 Confined N-aquifer wells from Peabody NAV4 
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Scatter Plot with Fit: 
18 Wells in Relation to Distance from the Center of the Peabody Well-Field (NAV4) 

 

 
 

Figure 52. Regression analysis for distance from the mine and residual errors 
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CHIA Criteria Threshold-Indicators 

 

The hydrologic concerns identified as part of the CHIA are primarily related to 
the diminution of the water resource related to potential adverse water quantity 
and quality impacts associated with the mine and all anticipated mining.  Impacts 
associated with the proposed operation and all anticipated mining were identified 
but none of the projected impacts exceed material damage criteria.  Therefore, 
OSMRE makes the finding that there will be no material damage to the 
hydrologic balance associated with the proposed operation and all anticipated 
mining. (OSM-CHIA 1989: i). 

 

The Office of Surface Mining Reclamation and Enforcement (OSM) formally 

implemented its congressional responsibility to regulate the surface mine operation at Black 

Mesa following Peabody’s application for a permit-revision in 1986.  In accordance with 

agency guidelines (OSM 1985), the Western Region office produced a Cumulative Hydrologic 

Impact Assessment of the Peabody Coal Company Black Mesa / Kayenta Mine (OSM-CHIA 1989).   

The CHIA is a regulatory requirement that provides "a means of keeping the big picture 

of hydrologic impacts before the regulatory authority at all times, so that if the accumulated 

impacts reach potentially damaging magnitudes, they can be dealt with in a timely manner” 

(OSM 1985).  Using the standards established in this document, if OSM perceives that mine-

related groundwater exploitation has, is, or may be causing adverse impacts to the N-aquifer 

then the proposed development (in Peabody’s 1986 Permit Application Package, or PAP) 

can be denied or delayed prior to permitting.  If unexpected adverse impacts occur 

subsequent to permitting, mining activities can be temporarily or permanently ceased.   

As required by federal statue, Peabody’s PAP provided a determination of probable 

hydrologic consequences (PHC) on Black Mesa’s hydrologic system.  It significant to recognize 
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that Peabody’s determination of probable consequences provides “the main source of input 

for the development of the cumulative hydrologic impact assessment” (OSM 2002).   

 

Definitions and Caveats 

 

Material damage is defined as the “changes to the hydrologic balance caused by surface 

mining and reclamation operations to the extent that these changes would significantly affect 

present and potential uses as designated by the regulatory authority” (OSM-CHIA 1989: 2).    

Hydrologic balance is defined as “the relationship between the quality and quantity of water 

inflow to, water outflow from, and water storage in a hydrologic unit such as a drainage 

basin, aquifer, soil zone, lake, or reservoir. It encompasses the dynamic relationships among 

precipitation, run-off, evaporation, and change in ground and surface water storage” (OSM-

CHIA 1989, 5-1).    

A hydrologic impact  is “a measurable change in hydrologic parameters” (OSM 1985: 2).   

Measurable change is more carefully defined:   

 
Only parameter value changes that are larger than the measurement error can be 
considered as “true” or “measurable” changes, because changes that are smaller 
than the measurement error may be primarily due to measurement procedures 
rather than to an actual change in the discharge parameter64

 

.  It follows that a 
projected change in a parameter that is smaller than the measurement error is not 
a hydrologic impact.   Therefore mining operations causing unmeasurable [sic] 
changes can be excluded from consideration as part of the CIA (OSM-CHIA 
1989; emphasis added). 

                                                 
64  While this definition is for any “measurable change” among the material damage criteria, curiously, OSM 
explicitly refers to “the discharge parameter”.  Coincidentally, future discharge measurements would become 
the subject of conflict between competing stakeholders on Black Mesa.   
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OSM distills three caveats that pertain to the material damage criteria: (1) a “measurable 

change” exceeding the threshold level does not necessarily indicate material damage; (2) a 

measurable change does not necessarily require any alteration of mining activities because 

the “total magnitude or persistence of the change must be considered in determining the 

significance of these impacts”; and (3) “…because simulated water levels before 1965 were 

on average of 28 ft different from observed water levels, the simulated water levels should 

not be expected to be closer than 50 ft to the actual water level at any location” (OSM-

CHIA 1989: 6-20).  

 

Baseline Data and Assumptions 

 

Although the Black Mesa CHIA was produced twenty one years after mining operations 

commenced, the baseline data used for determining the material damage are not derived from 

pre-mining conditions.  Rather, because the Black Mesa-Kayenta Mine existed prior to the 

enactment of SMCRA, the legal-baseline period refers to the hydrological-conditions at the 

time the CHIA was developed “and not some relatively undisturbed condition that may have 

existed before there was any mining in the region” (OSM-CHIA 1989).  Thus, baseline data 

is the 1985 water-year — seventeen years after mining operations commenced on Black 

Mesa, twelve years after the passage of the Act that mandated the assessment. 

The CHIA preparers assumed that the N-aquifer was in equilibrium prior to 1965, that 

recharge is 13,000 to 16,000 acre-feet per year, and that by 1984, the combined industrial and 

municipal withdrawals from the N-aquifer had increased to about 50% of total recharge.    
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Leakage from the overlying, poorer quality D-aquifer into the N-aquifer was estimated at 

210 af/y in 1985 — an insignificant volume in relation to N-aquifer storage.  Pre-stress 

leakage had been estimated at 180 af/y (OSM-CHIA 1989: 3-36). 

 

Cumulative Impact Areas 

 

Two cumulative impact areas were designated:  the Surface-Water Cumulative Impact Area 

encompasses 3,800 mi2 that drain the Moenkopi and Dinnebito Washes and impounds 6,000 

acre-feet over 70 mi2; the Groundwater Cumulative Impact Area comprises the entire 4,800 mi2 

of the Black Mesa and Blanding Hydrologic Basins. 

 

Four Material Damage Criteria 

 

Section 5.2.2 of the Black Mesa CHIA, Criterion for ground-water resources, outlines the four 

criteria for determining if material damage has occurred to Black Mesa’s hydrologic system.  

The criteria were designed to limit changes in groundwater quantity and quality that would 

(1) cause economic loss to existing or potential agricultural or livestock interests; (2) degrade 

domestic supply; (3) cause structural damage to the aquifer; and (4) degrade existing 

biological communities (OSM-CHIA 1989).  The following four sections outline these 

criteria and compare them to the relevant threshold-indicators as of 2007-200965

                                                 
65   The USGS Black Mesa Monitoring Program was established prior to OSM’s development of material 
damage criteria.  The USGS did not participate in the creation of the material damage criteria.  The USGS does 
not conclude upon the status of the N-aquifer with regard to OSM’s material damage criteria.  

. 

 



 
 

253 
 

Criterion 1: Structural Stability 

 

If a confined aquifer’s potentiometric surface66

 

 is lowered to or below the 
aquifer’s top, it is possible that he aquifer matrix will compress (collapse) causing 
general surface subsidence and irreversibly changing the aquifer’s water 
producing characteristics. (OSM-CHIA 1989: 5-5) 

For there to be a reduction in well production or for structural damage to 
occur… the potentiometric surface would have to be drawn down to below the 
top of the confined portion of the aquifer… It can be seen that at no time does 
the potentiometric surface drop to this level anywhere within the affected area 
for any scenario.  (OSM-EIS 1990: IV-28) 

 

The N-aquifer is comprised of consolidated sandstone with low elasticity that has been 

“pressure-welded” over millions of years.  Although structural damage is considered unlikely, 

“as an added insurance material damage criteria were set to maintain saturation of the 

confined aquifer system with a reasonable error margin added (100 ft).”  Thus, the 

potentiometric head must not fall below 100 ft above the top of the N-aquifer at any point 

(OSM-CHIA 1989; OSM-EIS 1990). 

Table 11 shows that, by 2008, the potentiometric head for six of the eighteen wells 

(33%) monitored in the confined portion of the N-aquifer register below 100 feet.  Further, 

the water-level in one of these six wells (BM3) fell below the top of the N-aquifer itself.   

The USGS observation well BM3 is located southwest of Kayenta, a major pumping 

center. Given that the pre-stress (1965) head for BM3 measured at exactly 100 ft, any decline 

from that point would, by definition, signal potential material damage to the N-aquifer. 

 

                                                 
66  Potentiometric surface (“head”) is the height groundwater in a well rises above the top of the aquifer.    
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Table 10 Potentiometric head for 18 confined N-aquifer wells 
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Interestingly, when OSM established the criterion in 1989, head at BM3 was below the 

100 ft threshold.  In fact, the earliest Black Mesa monitoring report that is currently available 

(Hill 1985, for water year 1983-1984) shows head at only 30 ft above the N-aquifer in 1984.  

However, OSM’s annual report for water-year 2004-2005 concluded that material 

damage had not occurred because “lowering of the potentiometric surface in the area near 

BM3 can be attributed to municipal use as well as [Peabody] pumping,” (OSM 2006: 5).  

This implies that community withdrawals from the Kayenta well-system are the primary 

cause of the 106.6 foot decline of the potentiometric surface in the area (Figure 55) 

illustrates the total withdrawals from the confined portion of the N-aquifer made at the mine 

and the community of Kayenta). 

 

 
 

Figure 53. Industrial and Kayenta withdrawals from N-aquifer 
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Although OSM provided no evidence to support this assertion, it is relatively easy to 

evaluate independently.   

Figure 56 illustrates the relationship between water-level decline in the BM3 well and 

groundwater withdrawals from the Kayenta well-system for the period 1984-2007.  The 

coefficient of determination (R2) is 0.10, p = 0.17, suggesting a weak relationship between 

groundwater pumping at the Kayenta well-system and the declining water-level at the BM3 

observation well. 

Figure 57 illustrates the relationship between water-level decline in the BM3 well and 

industrial withdrawals.  Clearly, the regression line does not follow the cluster of data-points, 

due to three potential non-normal values; these are more easily seen in the frequency-

distribution of errors, suggesting the presence of outliers.   

Figure 58 provides a histogram and box-plot with the outliers, which are the result of 

reduced industrial withdrawals.  Recall that in 2006 and 2007 industrial withdrawals were 

reduced by 75% from the average 4,400 af/y due to the closure of the Mohave Generating 

Station, and in 1985 they were reduced by 50% due to 6 months of maintenance at Mohave.  

These reductions account for the outliers.  

With outliers removed (Figure 59), the regression line follows the data cluster and the 

frequency distribution shows that errors are distributed approximately normally (R2 = 0.41; p 

< 0.01), suggesting a moderate relationship between industrial withdrawals and declining 

water-level in the BM3 well. 

The declining potentiometric surface near the USGS observation well BM3 has a 

stronger relationship with industrial groundwater withdrawals (R2 = 0.41; p < 0.01) than with 

community withdrawals from the Kayenta well-system (R2 = 0.10; p = 0.17).  
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Effect of Kayenta Well-System Withdrawals on BM3 Water-Levels 
(20 data points) 

 

 
 

Figure 54. Regression of Kayenta withdrawals and BM3 water levels  
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Effect of Industrial Withdrawals on BM3 Water-Levels  
(24 data points including 3 outliers) 

 

 
 

Figure 55. Regression of industrial withdrawals and BM3 water level  
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Histogram, Box-Plot with Outliers, and Normality Plot of the 24 Data-Points 
 

 
 

 
 

 
 

Figure 56. Descriptive statistics for 24 data points 
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Effect of Industrial Withdrawals on BM3 Water-Levels  
(21 data points; no outliers) 

 

 
 

Figure 57. Regression of industrial withdrawals and BM3 (no outliers) 
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Five other wells also dropped below the 100 foot threshold67

 

.  However, because “these 

wells are located on the edge of the confined N-aquifer close to where the aquifer becomes 

unconfined, and had a pre-stress potentiometric surface initially less than 100 feet above the 

top of the N-aquifer,” material damage has not occurred (OSM 2006: 6).   

Criterion 2: Water Quality 

 

The sandstone aquifers supplying water to the Peabody wells contain a vast 
quantity in storage, which is isolated from water in the relatively shallow local 
wells on the mesa by impermeable formations overlying the Navajo, Kayenta, 
and other deep formations. (USBR 1971)   
 
The quality of water from underground sources reflects chemical composition of 
the rocks it passes through. That quality may be degraded by intrusion of poorer 
quality water through wells, by leakage from adjoining formations, or by natural 
recharge through soil materials… Established dissolved solids tolerance levels for 
wildlife and livestock were adopted as material damage thresholds because this is 
the designated postmining land use and because unaffected water from springs 
and seeps already exceeds drinking water standards for TDS, sulfate, iron, 
manganese, and floride [sic]. Further areas of domestic use within the lease hold 
on Hopi partitioned lands will not be disturbed by mining and replacement water 
for domestic sources has been provided by [Peabody]. (OSM-CHIA 1989: 5-6) 
 

 

The criterion for preventing the degradation of water-quality in the N-aquifer states that 

a value of leakage from the overlying D-aquifer, caused by mine-related withdrawals, is not to exceed 10%.   

However, there is no explanation regarding how this criterion will be evaluated.  Rather, 

based upon the findings in the CHIA, OSM determined that mining will not diminish the 

                                                 
67  White Mesa Arch (1K-214), Sweetwater Mesa (8K-443), Rough Rock (10R-11), Rough Rock (10R-119) and 
Howell Mesa (6H-55). 
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water-quality of the N-aquifer because all five of the groundwater model’s pumping 

scenarios showed negligible volumes of leakage from the overlying D-aquifer.   

Like the criterion for structural stability, the USGS groundwater model simulations 

provide the basis for the evaluation of water-quality:  the estimated pre-stress leakage from 

the D-aquifer was estimated at 180 acre-feet per year.  The simulation of municipal pumping 

only (Scenario E) shows leakage of 239 acre-feet per year, and the simulation of municipal 

and proposed industrial pumping (Scenario B) shows leakage increasing to 243 af/y.   

Thus, because mine-related groundwater pumping would increase leakage from the 

overlying D-aquifer by merely 4 af/y, “any effect on water quality would be negligible due to 

a 2 million to 1 dilution and no material damage to water quality would occur” (OSM-CHIA 

1989: 7-4).   

OSM reiterates their findings in the Final-EIS: “This is further substantiated by the 1989 

USGS monitoring program progress report (Hart and Sottilare 1989) which concludes that 

no impacts are observable from leakage of the D-aquifer to the N-aquifer.  OSM concludes 

that the potential for degradation… is considered to be minor over both the short and the 

long-term” (OSM-EIS 1990: IV-34).   

In 2006, OSM upheld its findings:“material damage to the N-aquifer, caused by mining, 

with respect to leakage from the overlying D-aquifer, has not occurred” (OSM 2006). 

The quantification of leakage between aquifers that are thousands of feet deep requires 

intensive investigation into vertical hydraulic conductivities between the aquifers, water 

measurements from the aquifers, and other hydrogeological information that are not 

available.  Moreover, the D-aquifer is not monitored and investigation of its characteristics 

was not performed until 2003 (Truini and Longsworth 2003; Truini and Macy 2005).   
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OSM acknowledges, “Neither the USGS nor PWCC monitors water-levels in the 

confined portion of the D-aquifer as part of its monitoring effort. D-aquifer water-level 

information would be needed to directly evaluate the change in leakage from the D-aquifer 

to the N-aquifer” (OSM 2006: 7).  

Although leakage cannot be ascertained, the OSM reports explain that, according to 

Peabody’s monitoring data, there are no “significant” increasing trends for TDS, sulfate, or 

chloride.  In review of USGS monitoring data, OSM found two wells (Rough Rock PM5 and 

Keams Canyon PM2) that had TDS-levels exceeding the EPA’s recommended drinking 

water limit, and “appreciably higher levels of chloride” at 97 mg/L and 113 mg/L, 

respectively (OSM 2006).   

In 2007, the USGS reported the concentration of arsenic in Keams Canyon PM2 at 40.3 

μg/L, exceeding the EPA’s standard for Maximum Contaminant Level (MCL: 10 μg/L) 

(Truini and Macy 2007).      

Finally, the USGS monitoring report for 2007-2008 (Macy 2009) illustrates significant 

increasing trends TDS, Chloride, and Sulfate at Moenkopi School Spring (Figure 60). 

This criterion will be more thoroughly investigated in Prediction Period III.  However, at 

this point, it is significant to note that OSM concluded that mining-activities will generate an 

additional 4 acre-feet of leakage per year to the N-aquifer and, as a consequence, material 

damage to the hydrologic balance of the N-aquifer, in response to mining, has not occurred. 
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Figure 58. Water chemistry data for select springs (in Macy 2009) 
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Criterion 3: Discharge from Springs 

 

No material damage to spring discharge to the hydrologic balance [sic] is 
projected to occur for N-aquifer spring discharge. (OSM-CHIA 1989: 7-5) 

 

Spring discharge is reduced when the potentiometric surface of an aquifer declines.  

Recall that any groundwater withdrawn from an aquifer alters its equilibrium and, initially, 

100% of the withdrawals will come from storage.  Over time, however, given the Principle of 

Superposition, the groundwater withdrawn from the aquifer will reduce its potentiometric 

surface; aquifer discharge is affected as the cone of depression radiates out and away from 

the pumping source.   

As the aquifer transitions to a new equilibrium, the withdrawals become balanced by 

reduced discharge, induced recharge (e.g. from hydraulically connected aquifers, surface 

water, etc.), or some combination of both.  The change in discharge and recharge is known 

as “capture”; when new equilibrium is reached, capture is equal to the amount of 

groundwater being pumped from the system (Theis 1940).   

“Discharge from springs is proportional to potentiometric head.  An analysis of 

groundwater quantity is basically a determination of where and how much the 

potentiometric head would change as a result of imposed activities… and the corresponding 

changes in spring discharge rates resulting from the head changes” (OSM-EIS 1990: IV-20).   

Based on the simulation results of the groundwater model, discharge from springs must not be 

reduced by more than 10%, in response to mine-related withdrawals.  Potentiometric head must not 

fall below 100 ft from the top of the N-aquifer so that the average rate of discharge from 

springs, minus the measurement error of 10%, will be maintained (OSM-CHIA 1989: 5-5).   
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The USGS groundwater model is not updated with each year’s monitoring data, and 

simulations are not performed annually to test the model’s performance (the groundwater 

model is not a responsibility, per se, of the hydrologists monitoring the N-aquifer).  Rather, 

the model is updated and tested by USGS modelers when the funding is available to do so 

(recall that USGS applies to the Bureau of Indian Affairs every year to fund the monitoring 

program itself).  Thus, OSM’s annual evaluation of material damage criteria is based upon 

the most recent simulation68

Four springs monitored by the USGS monitoring program (Moenkopi School Spring, 

Burro Spring, Pasture Canyon Spring, and Unnamed Spring near Dennehotso, Figure 61).  

The 1990 EIS explains that only Moenkopi School Spring could be affected by groundwater 

withdrawals; however, this small 1-2% reduction would be caused entirely by municipal 

withdrawals.  OSM explained that in all five of the groundwater model’s pumping scenarios, 

mine-related withdrawals would have no effect on N-aquifer springs (OSM-EIS 1990: IV-

28). 

.  

 

                                                 
68  This study evaluates the predictive-reliability only in terms of the 1988 model simulations, as used in the 1989 
CHIA and 1990 EIS, because only they were used in approving the proposed mining actions and permit 
revision.  OSM (2006) explained that the USGS model was subsequently tested by Sottilare (1992), Littin and 
Monroe (1995), and Thomas (2002).  However, Littin and Monroe (1995) do not mention running simulations 
or updating the model, and they neither write nor illustrate the conclusions that OSM references to them. 
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Figure 59. Map of the N-aquifer spring (in Truini and Macy 2006) 
 

 

Through 2006, the USGS monitoring reports used logarithmic charts (Figure 62) to 

illustrate spring-discharge from the N-aquifer, and no appreciable trends were apparent 

through that time.  Concurrently, the 2006 OSM report concluded that material damage to 

the N-aquifer springs had not occurred in relation to mine-related withdrawals (OSM 2006; 

also see OSM-EIS 2004, 2006). 
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Figure 60. Logarithmic chat of spring discharge (in Truini and Macy 2006) 
 

 

It was later revealed to USGS hydrologists working with Black Mesa Monitoring 

Program, however, that the logarithmic charts (unintentionally) concealed negative trends.  

Subsequently, USGS illustrated spring-discharge using scatter-plots with trend lines, and 

negative trends had become apparent in the following report (Truini and Macy 2007).   

Although OSM has not evaluated the material damage criteria since the 2006 (water-year 

2005), its conclusion that mine-related groundwater withdrawals have had no effect on N-

aquifer springs has not changed (OSM-CHIA 2008).   
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Moenkopi School Spring 

Moenkopi School Spring is located near the Hopi community of Moenkopi (“continually 

flowing water place”), near Black Mesa’s western-most boundary.  Although some forty 

miles northwest of the Hopi mesas, Moenkopi is considered a satellite of Oraibi Village on 

Third Mesa, and is comprised of two discernible communities: Lower Moenkopi, the oldest 

part of the settlement, and the more modern Upper Moenkopi (James 1994).      

The rate of discharge (in gallons per minute, gpm) varied throughout the period of 

record (1987-2009): the highest discharge (16 gpm) occurred the first year of record and 

lowest discharge (8.0 gpm) occurred during the most recent year of record).   

 

 
Figure 61. Lower Moenkopi Village  
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Mean discharge for the period is 11.81 gpm, which is 26.2% lower than the 1987 rate.   

Discharge decreased 3.6% during the most recent water year (2007-8 and 2008-9).   

The most recent year’s rate of discharge is 50.0% lower than the first year’s. 

Discharge declined over the period an average of 2.8% per year.   

The negatively sloping regression-line (R2 = 0.61) suggests a moderate relationship 

between Moenkopi School Spring’s declining discharge and time (p < 0.01).  

 

 
Figure 62. Moenkopi School Spring discharge (data from Macy 2010) 
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Pasture Canyon Spring 

 

Pasture Canyon Spring (3A-5) is located north of Tuba City; data exist for 1995-2008.  

Mean discharge (1995-2009) is 35.3 gpm, which is 7.2% lower than the 1995 rate. 

Discharge increased 4.5% during the most recent water year (2007-08 and 2008-09). 

The last year’s rate of discharge is 18.2% lower than the first year’s rate of discharge. 

The mean annual discharge rate for the period (1995-2008) declined 1.7% per year.   

The negatively sloping regression line represents strong relationship (R2 = 0.75) between 

Burro Spring’s declining discharge and time (p < .01). 

 

 
Figure 63. Pasture Canyon Spring discharge (data from Macy 2009) 
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Burro Spring 

 

Burro Spring (6M-31) is located approximately six miles south of the Third Mesa village 

if Kykotsmovi near Oraibi Wash.  Data are available from 1989 through 2009. 

Mean discharge is 0.29 gpm, which is 27.2% lower than the 1989 rate (0.40 gpm). 

 Discharge increased by 32.5% between 2006 and 2009 (no data for 2007 and 2008).   

The most recent rate of discharge is 25.0% lower than the first year’s. 

The regression line suggests a negative relationship between Burro Spring’s discharge 

and time; however, the wide scatter of data-points (R2 = 0.16) suggests a weak relationship (p 

= 0.14).     

 

 
Figure 64. Burro Spring discharge (data from Macy 2010) 
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Unnamed Spring near Dennehotso 

 

Unnamed Spring near Dennehotso is located in the northeastern portion of the 

unconfined N-aquifer.  Discharge data are available for 1992 through 2005.  The flat 

regression line and wide scatter data points (R2 = 0.001; p = 0.92) suggests that there is no 

relationship between discharge at Unnamed Spring near Dennehotso and time. 

 

 
Figure 65. Unnamed Spring discharge (data from Truini and Macy 2006) 
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Criterion 4: Discharge to Washes 

 

Simulated outflow from the N-aquifer to Moenkopi Wash west of Black Mesa 
where the aquifer is unconfined would decrease 1 to 2 percent between 1965 and 
2052 regardless of pumping scenario, therefore this is not mine related.  (OSM-
CHIA 1989: 7-5) 

 

Surface waters (streams, washes, etc) may be hydraulically connected to groundwater 

systems (Figure 68).  When the potentiometric head (water-table) is higher than the elevation 

of the associated stream (A), water discharges from the aquifer into the stream (i.e. gaining 

stream).  As the water-table falls (B), discharge to the stream decreases.  If head falls below 

the stream’s elevation (C), surface-water will percolate down through the alluvium and into 

the underlying aquifer (i.e. losing stream; Alley et al. 1999). 

 

 
Figure 66. Discharge to streams (from Alley et al. 1999) 

 

 

The material damage criterion for discharge into the alluvium was established to protect 

the surface-flow of washes that are hydraulically connected to the N-aquifer.  The criterion 

states: any reduction of N-aquifer discharge to the alluvium, caused by mine-related withdrawals, must stay 

below 10%.   



 
 

275 
 

Like the other criteria, the evaluation of this criterion is based upon the results of the 

USGS groundwater model simulation, from which OSM concluded: “no material damage to 

the hydrologic balance associated with alluvial aquifer discharge related to diminished N-

aquifer recharge is projected to occur” (OSM-CHIA 1989: 7-5). 

In section 5.1 of the 1989 CHIA (Rationale for Material Damage Criteria), OSM explains 

that because the baseflow of washes is important to Hopi farmers for crop irrigation, the 

average “low-flow” for the month of March for all years of record will be the indicator-

parameter for this criterion: “March flows are less likely than most other growing season 

months to be affected by snowmelt runoff events and zero-flow periods” (OSM-CHIA 

Addendum 1990: 1-2).   

The threshold value for the indicator-parameter is “the 7-day low-flow rate for March with 

a recurrence interval of ten years (7-Q10)… material damage would occur if the long-term 

mean March baseflow rate becomes less than the baseline 7-Q10 low-flow rate for March” 

(OSM-CHIA 1989: sec. 5 pp 3-4).   

This method was selected “to minimize the effect of large, short-term flowrate variations 

that may occur” (OSM-CHIA Addendum 1990: 1-2).   

 

However, factors other than pumping the N-aquifer at the Black Mesa/Kayenta 
mine (such as, periods of low precipitation, local pumpage of the N- and alluvial 
aquifers) could cause the indicator parameter value to decrease to less than the 
threshold value.  In the event that the indicator parameter value does decrease to 
less than the threshold value, it would be necessary to conduct an analysis of causative 
factors to determine the actual cause of the decrease before taking any remedial action.  
Decreases of the indicator parameter value to less than the threshold value from 
climatic variations or local pumpage of the N-aquifer do not constitute material 
damage in the context of the Surface Mining Control and Reclamation Act 
(CHIA Addendum 1990: 3; emphasis added) 
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While OSM was determining the new 7-Q10 mean-flow criterion, the USGS monitoring 

program had already catalogued more than ten years of N-aquifer discharge to streams 

(dating to 1977) using an established discharge index (median winter flow of 120 consecutive 

daily mean flows in November, December, January, and February69

Although the monitoring program generates monthly discharge data, USGS has never 

determined the 7-Q10 mean-flow for March, and the USGS groundwater model is not designed 

to generate this value or discern if mean-March-baseflow has dropped below it.   

.  See Macy 2009).   

The 1989 CHIA provides no explanation regarding who will make the 7-Q10 March-mean-

flow calculation or track it over time, or how it will be reconciled to the results of the model 

simulations or the discharge index.  An addendum subsequently added to the CHIA 

provides this calculation; however, much of the photo-copied pages are of hand-made 

calculations and much is indecipherable.   

Since the CHIA criteria were established in 1989, OSM’s annual reports do not mention 

the indicator, and reference only the results of the USGS model simulations and monitoring 

reports.  In the most recent report (2006), OSM “examined70

                                                 
69 The November-February period is used because most flow that occurs is groundwater discharge: runoff 
from rainfall and snowmelt are minimal; most of the precipitation occurring in the winter months occurs as 
snow and the cold temperatures prevent snowmelt runoff; and evapotranspiration is at a minimum during the 
winter.  Discharge is assumed to be constant through and the median winter flow is assumed to represent the 
constant annual groundwater discharge (Macy 2009). 

” USGS data to ascertain if any 

trends were apparent: “flows appear to be on the decline…. on the basis of the most recent 

N-Aquifer computer model simulation and analysis of the USGS data, OSM concludes that 

material damage to the hydrologic balance of the N-aquifer, caused by mining, with respect 

to N-aquifer discharge to the alluvium, has not occurred” (OSM 2006).   

 
70  OSM read the USGS reports and conveyed its conclusions; OSM did not perform other analyses. 
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Figure 69 is the USGS chart of median winter flow for Moenkopi Wash, 1977-2007. 

Although the slope of the regression line suggests a slight declining trend, R2 = 0.10  

(p  > 0.05), so the correlation of discharge over time is weak (in Macy 2009).   

Consider, however, that the average mean daily discharge for the model’s baseline years 

(1980-1984) is 3.2 ft3/s.  For the prior fifteen-year period of record (1992-2007), the average 

median-winter-flow was 2.58 ft3/s, a decline from the baseline discharge of 19.5% (USGS 

reports 1992-2009).  Based on OSM’s material damage criterion for N-aquifer discharge to 

the alluvium, this exceeds the 10% threshold indicator by 9.5%.   

 

 

 
Figure 67. Moenkopi Wash discharge and precipitation (in Macy 2009) 

 

 

In this case, OSM explains that the USGS gauge at Moenkopi has a “data accuracy 

rating” of “poor” (as determined by USGS), and thus has a margin of error of 15% (OSM-

CHIA 1989: 5-3).  Thus, the 15% margin of error for the gauging station exceeds the 10% 

threshold indicator.  Although the 19.5% reduction exceeds the threshold value, given the 

margin of error, OSM’s conclusion remains unchanged.  Moreover, the agency has not called 
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for any further investigation into the source of the decline, nor has it ordered the 

remediation of the gauging station.   

Similarly, in 2000, the Natural Resource Defense Council reported that, at that time, the 

discharge to Moenkopi Wash had declined to 2.4 ft3/s — a 25% reduction (NRDC 2000).  

OSM did not change its conclusion regarding material damage, or call for further studies to 

investigate the decline, nor did it call for remediation of the gauging station. 

 

Evaluating the USGS Discharge Index 

 

Currently, the USGS is tracking baseflow for Moenkopi, Dinnebito, and Polacca 

Washes71

                                                 
71  Data are also available for Pasture Canyon, but the period of record is not long enough to calculate trends, 
and for Laguna Creek, but the gauging station location has changed.  Data for Dinnebito Wash illustrate that, 
currently, no trends are apparent (Macy 2009). 

.  Some question as to whether or not its median winter flow discharge-index 

successfully distills groundwater discharge from other contributions to wash-baseflow, or if 

it is perhaps a latent reflection of precipitation.  Recent data from Polacca Wash illustrates 

the influence of a single year’s measurement upon the trend.  For the period of record 1996-

2005 (top chart, Figure 70), there is a decreasing trend, albeit a weak one.  The following year 

(2006), the index registers at nearly twice the rate of any other year during the period of 

record, and the decreasing trend of eleven years is reversed.  In 2007 and 2008, the index 

decreases but registers at the second and third highest levels for the period of record; the 

trend-reversal is reinforced.  
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Regression analysis using the available data revealed no appreciable relationship between 

precipitation and the USGS index for surface flow. 

     

 

 

 
Figure 68. Polacca Wash discharge (in Truini and Macy 2007, 2008; Macy 2010) 
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Summary 

 

The conclusions both in the EIS and in the cumulative hydrologic impact assessment regarding 
impacts on the N-aquifer are technically valid. 

~ Harry Snyder, OSM Director, 1990. 
 
 

OSM estimated that industrial withdrawals would average 4,000 af/y; this was 
underestimated by at least 449 acre-feet per year for the period (totaling 6,735 
acre-feet).  Municipal withdrawals were underestimated by 171 acre-feet per year 
(2,560 af total).  The decline of water-levels at specified communities was 
underestimated by as much as 197% for the model’s prediction period (1985-
2007) and by 66% for the entire development period (1968-2007).  The impact 
of municipal withdrawals at these communities was overestimated by as much as 
103%.  Where water-levels were predicted to return to pre-stress (1965) 
conditions by 2009, no appreciable recovery had been recorded and, despite the 
extra year for recovery, it was not yet apparent if these locations had yet reached 
maximum decline.  Regression analysis suggests a moderate relationship between 
the predicted and observed water-levels in 26 wells (R2 = 0.42; p < 0.01).  
However, giving large prediction-errors at specified communities, this 
relationship likely reflects the limited number of wells, and their concentration 
along the confined/unconfined boundary far from the mine, that can be used for 
regression.  Indicator-thresholds for “material damage criteria” were crossed for 
structural stability and spring discharge; the criteria for water-quality and 
discharge to streams are not testable due to insufficient information from the 
regulatory authority although declining trends are apparent.   

 

 

It has been argued that (1) the calibration process generates “forced empirical accuracy” 

(Oreskes et al. 1994); (2) the need to calibrate a model “is tantamount to acknowledging the 

impossibility of validating such a model, ” and thus groundwater models cannot be validated 

in a scientific context (Konikow and Bredehoeft 1992); and (3) the acceptance of a model’s 

predictive-reliability and usefulness as a tool for groundwater management should be based 



 
 

281 
 

upon the strength and number of observations that confirm model-predictions over time 

(Woessner and Anderson 1996; Anderson and Woessner 1992a, 1992b).   

Nonetheless, in modern groundwater management, calibrated models are often 

presented as empirically adequate or valid representation of a hydrogeological system.  But the 

calibration process generates a non-unique solution to the modeling problem (i.e. numerous 

combinations of different parameter-values may render the same results, and inaccurate 

models may generate simulations that parallel observations, over the short term), and thus it 

ensures neither conceptual accuracy nor predictive reliability.  While continuous recalibration 

and refinement may provide the confirming observations that strengthen a model’s 

acceptance as a useful management tool, continuous divergence between predictions and 

observed measurements confirms ongoing uncertainty and model-error (Anderson and 

Woessner 1992; Konikow and Bredehoeft 1992; Konikow 1986; Freyberg 1988; van 

Fraassen 1980).   

 

Model Capacity 72

                                                 
72  The USGS has iteratively tested and refined its groundwater model of the N-aquifer since 1981.  The first 
USGS groundwater model of the N-aquifer was developed in 1981 (Eychaner 1981, Open-File report 81-2201).  
By 1982, total pumpage from the N-aquifer had increased enough to cause significant declines in well-levels; 
USGS updated the model to improve areas of uncertainty (Eychaner 1983: 15).   In 1985, the USGS model was 
rerun to include pumpage for 1980 to 1984.  Divergence was beginning to occur; parameter adjustments 
(recalibration) were made to reflect measured changes (Hill and Whetten 1986).   In 1987, USGS assessed the 
performance of its model (Hill and Sottilare 1987).  In the 1988 update, the model was converted to a new 
modeling program and recalibrated using new parameter estimates (Brown and Eychaner 1988).   Papadopolus 
and Associates (1993) evaluated the USGS model’s input data and technical correctness, and Waterstone 
Environmental Hydrology and Engineering (1995) evaluated input data along with statistical uncertainty and 
predictive reliability; both determined that the model performed reasonably well.   According to OSM (2006: 6), 
the USGS updated the model in 1994 with new monitoring data and ran simulations (in Littin and Monroe 
1995; however, this is unverified as the report makes no reference to this update); according to Peabody (1999: 
7-1), USGS again updated the model in 1996 (Littin and Monroe 1997).    The most recent testing of the 
model’s performance occurred in 2001, when Thomas (2002) evaluated its sensitivity to specific parameters and 
suggested numerous areas where the model needed improvement. 
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The USGS groundwater model of was designed to improve understanding of the N-

aquifer’s dynamics and evaluate the potential effects of various pumping regimes.  The 

model was not designed to serve as the basis for conclusions regarding safe yield or adverse 

impacts: “…data are not available for most nodes.  Some data may be incorrect or be subject 

to multiple interpretations” (Eychaner 1981).   

Since its first iteration (Eychaner 1981), the USGS has routinely tested and recalibrated 

its model, which occurred for the second time only two years after its development 

(Eychaner 1983).   By 1985, divergence between simulated and measured water-levels was 

apparent73

Further, the model’s non-uniqueness and uncertainty was acknowledged: “Although the 

1988 model reasonably reproduced observed water-level changes in six observation wells, 

the solution is not unique.  Equally close agreement to the observed heads was reached by 

the 1983 model… Other combinations that are consistent with field observations could be 

selected that would simulate the N-aquifer equally well” (Brown and Eychaner 1988: 19).   

.  Subsequently, the model was updated and recalibrated with greater focus upon  

the parameters at specific communities; nonetheless, despite its third and fourth calibration  

in seven years (Hill and Whetten 1986; Brown and Eychaner 1988), its developers 

acknowledged that the model “cannot adequately represent the local geology and simulate 

hydrologic processes in detail,” and admonished that “projection results are better used to 

compare effects of different development plans rather than estimate actual future water 

levels and water-budget components” (Brown and Eychaner 1988: 25).  

                                                 
73  At the most fundamental level, another signal of conceptual error was the (1983) assumption that municipal 
withdrawals would overtake industrial withdrawals by 1990.  In reality, municipal withdrawals would never 
compare to the volume withdrawn by the mine, at least, not until the Mohave Generating Station, the Black 
Mesa Mine, and the coal-slurry pipeline were closed in 2005.  When the model was updated in 1988, this 
projection disappeared. 
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Despite the clarity of its intended uses and inherent limitations, the Regulatory Authority 

(OSM) conscripted the model for purposes that exceeded its capacity: the model’s 

simulations were the determining factor in evaluation of the N-aquifer’s status — not the 

actual aquifer-measurements that had been tracked by the USGS monitoring program, 

(OSM-CHIA 1989; OSM-EIS 1989, 1990). 

Following its review of OSM’s 1990 Draft EIS, the Environmental Protection Agency 

argued that the model’s limitations precluded the regulatory authority’s conclusions 

regarding hydrological impacts and their mitigation: 

 

While EPA accepts the approach taken in modeling hydrologic baseline 
conditions and impacts, the conclusiveness of this effort is undermined by lack 
of data.  This limitation, compounded by use of material damage criteria based 
on thresholds much less sensitive than “significance” under NEPA, leads us to 
reject the evaluation of hydrologic impacts.  EPA believes that the available data 
do not support statements in the DEIS that the cumulative effects of current and 
foreseeable mining and related operations (principally the coal transport slurry) 
are expected to result in only minor hydrologic impacts. (EPA 1990) 

 

The USGS affirmed EPA’s position: “the model is not sufficient to answer the concerns 

of the Hopi regarding adverse local, short-term impacts on wetlands, riparian wildlife habitat, 

and spring flow at individual springs” (Nichols 1993, in Whiteley and Masayesva 1998).   

Despite these arguments, and despite the extensive literature on deterministic 

groundwater models and the water-budget myth (see Chapter 4, Modern Groundwater 

Development, and Chapter 5, The Water-Budget Myth, in Part 1), OSM maintained that model-

simulations provide sufficient evidence that material damage has not occurred. The agency 

bolsters this conclusion with the argument that industrial withdrawals are equivalent to one-

third of the estimated annual recharge (and combined industrial and municipal withdrawals 
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comprise only one-half of annual recharge, and thus there is enough recharge to counter 

annual withdrawals) so the magnitude of industrial pumpage could not create adverse 

impacts: “The impacts projected from the N-aquifer simulation are overestimated.  It is 

important to note that at no time does the total withdrawal from the system exceed the 

recharge to the system (13,000 to 16,000 acre-feet per year)” (OSM-EIS 1990: IV-24; also in 

OSM-CHIA 1989; OSM 2006).   

As the accumulation of aquifer-observations began to invoke doubt upon the OSM’s 

conclusions, the agency grew increasingly entrenched with the argument that model 

simulations reflect industrial withdrawals — and that all negative trends could be attributed 

to municipal withdrawals or recent drought conditions (OSM 2006, 2005, 2004, 2000, 1998; 

OSM-EIS 2006, 2008; OSM-CHIA 2008; WEHE 2009).  At no time has OSM requested or 

required that, in response to the appearance of unpredicted hydrogeological trends, new 

investigations take place.  

In contrast to OSM’s confidence in the model’s accuracy, the results of Postaudit II 

illustrate that model simulations — as presented in OSM’s environmental and hydrologic 

impact statements (OSM-EIS 1989, 1990; OSM-CHIA 1989) — did not predict water levels 

or discharge rates with any appreciable level of accuracy.  This is based upon the following 

three observations: 

 
(1) Where the majority of water-level decline was believed to be caused by 

industrial withdrawals, drawdown was underestimated by 97% at Pinon, 65% at 
Forest Lake, and 56% at Kayenta BM2 (at BM3, drawdown was 
underestimated by 89%, but OSM attributes 85% to 87% of this decline to 
municipal withdrawals).  
 

(2) Where all or most of the predicted water-level decline was believed to be 
caused by municipal withdrawals, total drawdown was overestimated by 103% in 
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three BIA wells and 44% in three NTUA wells at Tuba City/Moenkopi (or by 
73% in the six wells combined).  Drawdown caused by primarily by the 
community of Kykotsmovi was overestimated 112% (PM1) and 41% (PM2). 

 
(3) The model fails to capture the linear relationship between spring discharge and 

potentiometric surface.  Where drawdown was believed to be caused by 
municipal withdrawals exclusively (Tuba City/Moenkopi), decline was 
overestimated by at least 44% and at most 103%, given the available data.  This 
should correlate with an equivalent overestimation of spring discharge (i.e. 
observed spring-discharge should have been less than the predicted 1-2% 
decline, which is also caused entirely by municipal withdrawals).  However, 
Moenkopi Schools Spring declined by at least 26% and Pasture Canyon Spring 
declined by at least 27%. 

 

Given this range of prediction-errors (those that are specified in the EIS and CHIA), 

either the model’s parameter-estimates are severely inaccurate or the conceptual model fails 

to capture significant hydrogeological influences throughout the system.  

While it has been shown that the model did not accurately represent the linear 

relationship between potentiometric surface (purportedly caused entirely by community 

withdrawals) and spring discharge in the Tuba City/Moenkopi area.  However, the 

significance of the relationship between spring-discharge and precipitation has yet to be 

evaluated.   

A regression of Moenkopi School Spring-discharge and precipitation at Tuba 

City/Moenkopi for the period 1988-2009 was performed.  The relationship between spring 

discharge and precipitation is weak (R2 = 0.19; p = 0.07; Figure 71); given the available 

information, it is statistically improbable that precipitation alone during the period of record 

(1988-2009) caused the discharge decline.  Moreover, given that, for the modeled period 

1985-2007, the actual municipal withdrawals at Tuba City/Moenkopi were approximately 

3,000 acre-feet less than predicted withdrawals for the community, OSM’s attribution of 
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increasing municipal withdrawals (OSM 2006, 2005, 2004, 2000, 1998; OSM-EIS 2006, 2008; 

OSM-CHIA 2008) as the source of declining spring discharge is not supported. 

Scatter Plot with Fit: Moenkopi School Spring and Precipitation 
 

 
 

Figure 69. Regression of Moenkopi Spring discharge and precipitation 
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The incongruence between OSM’s evaluation of the groundwater system (using model 

simulations) and the actual measurements of the physical system (recorded by the USGS 

monitoring program) generates two conclusions74

First, the process for predicting the significance of environmental impacts is an 

“elaborate ritual” in which a manifestly political decision (i.e. the approval, modification, or 

disapproval of proposed development actions) is disguised as an objective and unbiased 

decision informed by scientific and technical judgment for the benefit of the common good 

(Wynne 2008, 1996; O’Brien 2002; Lindstrom and Smith 2001).   

 regarding regulatory efficacy at Black 

Mesa.  They are defended through the rest of this chapter. 

Second, at Black Mesa, scientific and technological “experts” have neither generated nor 

evaluated new information in order to increase understanding about the N-aquifer or to 

protect groundwater resources.  To the contrary, the evaluation of new information was 

used to defend the predictions and ensure an uninterrupted supply of the resource.   

 

Water-level, Recovery, and Structural Stability 

Recall that, due to the closure of the Mohave Generating Station, industrial withdrawals 

were reduced by 75% at the end of 2005 rather than 2006: the N-aquifer had one full year to 

recover compared to the model simulations.  Concurrently, the maximum water-level decline 

                                                 
74   These conclusions summarize the actions of the Regulatory Authority and its implementation of regulatory 
requirements: they do not reflect the actions, products, or people affiliated with the USGS Black Mesa 
Monitoring Program, which have no regulatory responsibilities at Black Mesa.  These conclusions are 
supported by the broader literature on the impact assessment process, dozens of case studies of social-
ecological systems where resources were subjected to human control, science and technology studies, political 
ecology, etc. (see Theory section, Part I).   
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(1) should have been less than predicted, (2) should have occurred sooner than 2007, as 

predicted, and (3) recovery to 1985-levels should have occurred earlier than 2009, as 

predicted.  Lack of recovery signals significant model-error. 

However, at Forest Lake, water-level decline from 1985 to 2007 was 65% greater than 

expected, and decline continued through 2008.  Water-level did not continue to the -1985 

level by 2009; rather it was not clear at this time if maximum decline had yet been reached or 

if any recovery had occurred.   

The affect of the mine’s withdrawals at Kayenta and other communities to the north has 

been of concern and debate since mining operations commenced.  The Bureau of 

Reclamation acknowledged this uncertainty in 1971:   

 
Hydrologists do not agree whether these domestic wells are in the same 
pressure zones as the Peabody wells, but a monitoring program has been 
devised to ascertain those facts.  In the event the supply of the water to the 
Indian wells is affected, Peabody is under contractual obligation to provide the 
Indians with water in quality and quantity equal to that formerly available to 
them. (USBR 1971, 39) 

 

The criterion for maintaining structural stability of the N-aquifer was based upon model 

simulations that included pumping scenarios for combined industrial and municipal 

withdrawals.  Based upon the simulation results, OSM predetermined: 

 

For there to be a reduction in well production or for structural damage to occur 
to the N-aquifer, the potentiometric surface would have to be drawn down to 
below the top of the confined portion of the aquifer… It can be seen that at no 
time does the potentiometric surface drop to this level anywhere within the 
affected area for any scenario.  The closest that the potentiometric surface gets to 
the top of the confined aquifer for scenario B is 366 feet at Keams Canyon in the 
year 2052. (OSM-EIS 1990: IV-28) 
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Recall that, at Kayenta (BM3), not only did the potentiometric surface (head) fall below 

the indicator-threshold of 100 ft above the top of the N-aquifer, but the water-level had 

dropped more than six feet below the top of the N-aquifer itself .   OSM concluded that, in 

addition to the mine’s withdrawals, pumpage from the Kayenta well-system also contributed 

to decline in BM3, and thus material damage had not occurred (this rationale would have 

been true when the criterion was developed).  The agency provided no analyses that 

diminished the mine’s impact or bolstered the impact from the Kayenta well-system. 

Conversely, regression analysis performed in this postaudit illustrates a moderate 

relationship between BM3-decline and industrial withdrawals (R2 = 0.41; p < 0.01) and a 

weak relationship between BM3-decline with Kayenta withdrawals (R2 = 0.10; p = 0.17).  

OSM’s dismissal of its own prior certitude75

As it turns out, when this criterion was established and these statements were recorded 

in the EIS, the potentiometric surface of five wells was already below the 100 ft buffer

 is indicative of the discretionary latitude that 

the agency utilizes in its evaluation of the criteria that it created.  Originally, OSM explained 

that the 100 ft buffer was “an added insurance… to maintain saturation of the confined 

aquifer system”.  Confidence in this buffer was strong because “the closest that the 

potentiometric surface gets to the top of the confined aquifer for scenario B is 366 feet at 

Keams Canyon in the year 2052” (OSM-CHIA 1989: )   

76

                                                 
75  “It can be seen that at no time does the potentiometric surface drop to this level anywhere within the 
affected area for any scenario.” (OSM-EIS 1990: IV-28)   

.  

However, OSM later concluded that because these levels preceded the development of the 

CHIA, material damage had not occurred.  In this context, and despite the wording of the 

 
76 White Mesa Arch (1K-214), Sweetwater Mesa (8K-443), Rough Rock (10R-11), Rough Rock (10R-119) and 
Howell Mesa (6H-55). 
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criterion77

Finally, compared to the water-level predictions for each community, the results of the 

regression analysis for water-level throughout the aquifer suggests that using the USGS 

model for regulatory purposes may generate misleading conclusions

, the determination of material damage to the N-aquifer is a function of date rather 

than physical hydrogeological characteristics, realities, or threshold-indicators.   

78.  The regression of 

water-levels for 26 wells showed that the model’s predictive accuracy for the period was 

moderate; given the subjective process for evaluating the status of the N-aquifer, this result 

may be considered as evidence that the model’s predictive reliability is, at least, moderate.  

However, the accuracy of predictions for water-levels at communities underestimated the 

mine’s impacts for communities near the mine79

 

 and overestimated the impacts of 

community withdrawals on water levels at communities far from the mine.  The moderate 

value expressed in the regression likely reflects the range of values that could be used given 

the interval map for water-level predictions, the limited number of data points, and of their 

poor spatial distribution throughout the area (clustered near the boundary, and only three are 

near the mine). 

                                                 
77  Potentiometric head must not fall below 100 ft above the top of the N-aquifer at any point in order to 
maintain the confined condition of the N-aquifer (OSM-CHIA 1989; emphasis added). 
  
78  The predictive accuracy of the model is moderate (R2 = 0.42; p < 0.01).  Given the subjective process for 
evaluating the status of the N-aquifer, this result may be considered as evidence of the model’s predictive 
reliability.  Although the model’s predictive accuracy decreases only the 14 wells with similar characteristics are 
considered (R2 = 0.22 (p < 0.01), but the removal of data points is generally met with skepticism, even though 
the four removed wells skewed the results.    
 
79  Water-levels at the two monitored wells at Forest Lake and Pinon were overestimated by 65% and 52%, 
respectively, and the three wells at Kayenta were overestimated by 16%, 56%, and 83%.   The more distant 
wells at Second Mesa (K-town PM1 and PM2) overestimated the impacts of municipal withdrawals by 41% and 
112%; and the water-level for the six wells at Tuba City / Moenkopi—where drawdown was projected as being 
caused entirely by municipal withdrawals—was overestimated by 73%. 
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Regulatory Incongruity 

In 1998, a Supervisory Hydrologist with the USGS Water Resources Division articulated 

the incongruity between oversight and monitoring, explaining that the monitoring program 

is “at best an early warning system in that it is indicative rather than deterministic and is not 

set up to specifically address many of the criterion [sic]… The bottom line is that… we need 

to tailor the current monitoring program in such a way as to more specifically address the 

above criteria and in a deterministic fashion” (Hart 1998, in NRDC 2000).   

For example, OSM’s criterion for evaluating N-aquifer discharge to streams has never 

been evaluated using the method explained in the CHIA (OSM-CHIA 1989).  Recall that the 

evaluation of this criterion is based upon the results of the simulation model; moreover, if 

the indicator-threshold is crossed, OSM requires further studies to discern the cause of the 

decline before corrective actions are taken (OSM-CHIA 1989; OSM-CHIA Addendum 1990).   

OSM’s most recent evaluation of the N-aquifer was performed in 2006, and the agency 

explained that the model’s most recent simulation-run occurred in 1994.  Thus, in 2006, 

OSM’s evaluation of, and conclusions regarding groundwater discharge to streams were 

based upon a simulation of conditions in 1994 (OSM 2006; of course, the evaluation also 

assumes that, technically, the 1994 model-simulation was accurate and, theoretically, that the 

uncertainties in natural systems can be replaced by the “certainty” of model-simulations).   

Groundwater models require routine testing in order to discern errors: if model-errors 

remain unrecognized, the parameter-indicator may be misleading.  While the parameter-

indicator may be useful, conclusions regarding the aquifer’s current status—based upon 

information more than twelve years old—have no meaningful value.   
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To make up for this deficiency, OSM evaluated data provided by the USGS monitoring 

report, but this review was also (legally) meaningless: the CHIA criteria have no standards 

based upon information generated by the USGS monitoring reports. 

Finally, recall the problem of monitoring to prevent adverse impacts: “a large 

groundwater system creates a delayed response between the observation of an impact and its 

maximum effect and… there is a long time lag between changing the stress and observing an 

impact at a distant boundary” (Bredehoeft and Durbin 2009).   

Suppose that the indicator-threshold had been crossed: the time it would take to design, 

perform, and interpret new analyses to discern cause undermines the intention of monitoring 

as "a means of keeping the big picture of hydrologic impacts before the regulatory authority 

at all times, so that if the accumulated impacts reach potentially damaging magnitudes, they 

can be dealt with in a timely manner” (OSM 1985).   

 

Recharge 

In the 1960s, Peabody estimated N-aquifer recharge at 235,000 af/y (Stetson 1966).  In 

the 1980s, USGS estimated recharge at 13,000-16,000 af/y (Eychaner 1983; Brown and 

Eychaner 1988).  In the 1990s, USGS estimated recharge at 2,500-3,500 af/y (Lopes and 

Hoffman 1997). 

While the Black Mesa and Kayenta mines were fully operational (1972-2005), industrial 

withdrawals averaged 4,101 af/y.  Assuming that the USGS’s most recent estimate is 

accurate, in the best-case scenario (recharge = 3,500 af/y) N-aquifer storage has been 

depleted by approximately 19,833 acre-feet.  In the worst-case scenario (recharge = 2,500 

af/y) storage has been depleted by nearly 53,000.   
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In 1998 and 2000, Peabody consultants published two articles describing paleocharge 

and paleo-flow of the N-aquifer, as well as an alternative method for estimating recharge 

(Zhu et al. 1998, for HSI GeoTrans, Inc; and Zhu 2000).  These articles bumped the 

recharge estimate back up to approximately 13,000 af/y. 

Drawing from their own N-aquifer model (unpublished report: HSI GeoTrans 1987), 

the dilemma surrounding the recharge-parameter was acknowledged: 

 
Various field methods of recharge estimates in semi arid and arid regions have 
been recently reviewed… They concluded that… field measurements generally 
carry large uncertainties and are difficult to extrapolate to regional scale. 
Therefore, in practice, recharge is often used as an adjustable parameter during 
model calibration (Anderson and Woessner 1992). However, because hydraulic 
conductivity can vary over 13 orders of magnitude (Freeze and Cherry 1979), a 
practically infinite number of combinations of hydraulic conductivities and 
recharge rates that span a wide range could all match the target head distribution 
for a flow model calibration. Consequently, inadequate controls of recharge rates 
can lead to an acute situation of non-uniqueness of flow model solutions which 
may render many water resource management models unusable. (Zhu 2000)                                                                                

 

The method presented “a general strategy for estimating average recharge to regional 

aquifers on the scale of thousands of years… The strategy can be a valuable tool for studies 

of regional aquifers to infer global environmental changes and for predicting performance of 

radioactive waste repositories in desert regions” (Zhu 2000, referencing Zhu et al. 1998).  It 

is questionable if the method is relevant to local groundwater development, or if it simply 

introduces new levels of uncertainty:  “Significant variation of recharge rates over time is 

necessary to match the distribution of ground-water ages… The paleo-charge estimates are 

subject to the assumptions and limitations of the 14C age corrections, the flow, and the 14C 

transport models.  The 14C data indicate some deficiencies in the flow model near Kayenta 

and in the southeastern part of the basin…”. (Zhu et al. 1998).   
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The most recent assessment of the USGS model occurred in 2002: “the accuracy of the 

flows in this study are uncertain, so more studies are needed to refine estimates of recharge 

and discharge before much effort is put into matching the model to the current discharge 

estimates” (Thomas 2002).   

The first three of the ten most significant sources of information that need improvement 

are recharge to the N-aquifer (i.e. inflow), leakage from the D- into the N-aquifer (i.e. flow 

between aquifers), and discharge from the N-aquifer (i.e. outflow; in Thomas 2002: 70).  

Despite the acknowledgement that N-aquifer’s essential water-budget is poorly understood, 

OSM maintains that recharge is 13,000 af/y (OSM 2006). 

 
Table 11. Recharge estimates and effect on N-aquifer storage 

 

 
 

Discharge 

As potentiometric surface declines, spring discharge declines.  It was determined that 

potentiometric surface must not fall below 100 ft from the top of the N-aquifer so that the 

average rate of spring-discharge, minus the measurement error (10%), would be preserved.   

According to this criterion, discharge from springs must not be reduced by more than 

10% (in response to mine-related withdrawals), and this determination is based upon model 
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simulations, not actual field measurements.  However, the USGS groundwater model is not 

updated with each year’s monitoring data and simulations are not performed annually (OSM 

2006). Moreover, the model is not designed to make predictions for specific locations such 

as a spring (Brown and Eychaner 1988).  Field measurements must be used for this criterion. 

In all five model simulations, industrial withdrawals did not reach the Tuba 

City/Moenkopi (TC/M) area; however, the simulations showed that municipal pumpage 

alone lowered water-level 51 feet by 2007 and caused a 1-2% decline in discharge from 

Moenkopi School Spring.  Discharge at Pasture Canyon Spring would not be changed.   

However, the effect of municipal withdrawals on water-level at TC/M was 

overestimated by at least 44%80

 

.  This should correlate with an overestimated decline  for 

spring-discharge in the area (i.e. it should be less than the predicted 1-2%).  However, 

discharge from Moenkopi School Spring declined by at least 26.2% for the period of record, 

Burro Spring declined by at least 27.2%, and Pasture Canyon Spring declined by 

approximately 7.2%.   

Leakage 

As was explained earlier in this chapter, the criterion for leakage from the overlying, 

poorer quality D-aquifer into the underlying N-aquifer (i.e. criterion for water quality) is 

based upon the results of model-simulations; however, no method for evaluation is provided 

by the Regulatory Authority.  This will be more thoroughly addressed in Postaudit III. 

                                                 
80 The mean water-level decline of the three NTUA wells at TC/M was -28.7 ft, an overestimation of 44%.  
Mean water-level decline of three BIA wells was +1.6 ft, an overestimation of 103%.  Mean water-level of all 
six NTUA and BIA wells within a 5 mile radius of TC/M is 13.6 ft, an overestimation of 73%. 
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At the conclusion of this chapter, and in preparation for the following postaudit, it is 

sufficient to understand that total leakage into the N-aquifer recognized to be approximately 

243 af/y.  Of this, industrial withdrawals caused merely 4 af/y of total leakage into the N-

aquifer’s 180 million acre-feet in storage.  Since 1989, OSM has concluded that—given the 

ratio of 4 to 180,000,000—material damage to water quality would not occur (OSM-CHIA 

1989; OSM 2006).  

 

* 

 

The following prediction period introduces a three-dimensional groundwater model 

developed by consultants for Peabody Energy.  The new model is not simply a technological 

update.  Rather, it is an entirely different conceptualization of the N-aquifer hydrogeological 

system, drawing upon an entirely different water-budget.  The spatial extent of the basin 

increased (from 5,400 mi2 to 7,450 mi2), aquifer storage more than doubled (from 180 to 400 

million acre-feet), recharge increased (from 13,000 af/y  to 15,000-75,000 af/y), and leakage 

from the D- into the N-aquifer increased (from 243 af/y to more than 4,000 af/y). 

It should be noted that if the Regulatory Authority accepts the new 3-D, $3 million 

model as a valid representation of the N-aquifer, then concurrently it must be accepted that, 

for the period 1988 and 2008, all of the Regulatory Authority’s simulation-based conclusions 

regarding the status of the N-aquifer were based upon an erroneous model. 
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13.   PEABODY MODEL PREDICTIONS (1999-2009) 

 

Synopsis 

 

The 2008 Final EIS provides no testable predictions until 2025, the year in which 
the newly approved permit will expire; however, the Peabody model report 
provides information for a more thorough consideration of trends identified in 
Postaudit II. The model integrates the overlying and poorer quality D-aquifer 
into the N-aquifer, increasing N-aquifer storage to 400 million acre-feet. The 
model is reported to have undergone rigorous evaluation and validation.  
 
Described as the most comprehensive and accurate representation of the N-
aquifer to date, the model’s method for estimating recharge did not work (inflow 
remains uncertain), it did not attempt to estimate discharge (outflow remains 
uncertain), it cannot simulate spring discharge, it cannot simulate discharge 
throughout the Tuba City/Moenkopi area, and fictional geological formations 
had to be created to achieve a successful calibration.   
 
The water-level records of wells thought to reside beyond the influence of 
industrial withdrawals, including the southern-most well in the monitoring 
program, express an obvious single-year jump or “recovery” in 1985, the year 
that industrial withdrawals ceased completely for six months. Municipal 
withdrawals and precipitation at Tuba City show no statistically significant 
relationship with nearby spring discharge; however, the strongest relationship in 
this case study exists between industrial withdrawals and discharge from 
Moenkopi School Spring (r = -0.84; R2 = 0.71; p < 0.0001). 
 
The 1989 CHIA threshold-indicators for evaluating the mine’s impact on the N-
aquifer was superseded by OSM’s 2008 CHIA revision, which changed 
definitions, impact areas, and the material damage criteria.  As a consequence, the 
criteria expressing declining trends that were identified in this postaudit have 
been removed from regulatory purview; the remaining revised trends have 
acquired insurmountable damage thresholds and will be evaluated using model 
simulations rather than actual monitoring data.  
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Ongoing Conflict 
 

Potential conceptual error, insufficient input data, and the non-uniqueness of the 1988 

USGS model (Brown and Eychaner 1988) generated a broad range of prediction errors that 

were identified in Postaudit II; these intrinsic limitations and their potential to inaccurately 

portray future conditions were explicitly identified by the modelers.  Nonetheless, through 

the period 1988-2008, the regulatory authority (OSM) unequivocally argued that the model’s 

1988-simulations equated with actual conditions, despite the divergence of the monitoring 

data and trends81

As USGS repeatedly recalibrated and refined the model over time, it grew increasingly 

apparent that the model’s hydrogeological information was insufficient.  This recognition, 

however, would have no relevance for the predictions in the impact assessments (OSM-EIS 

1989, 1990; OSM-CHIA 1989) that were used for acquiring permits for development: once 

the proposed actions in these documents are approved, there is no legal requirement to 

verify their data or validate their predictions (CEQ 2007; Lindstrom and Smith 2001) and 

Industry receives significant legal protections from unexpected impacts (O’Brien 2002; 

Suskind et al 2001).    

 that were growing increasingly apparent (OSM 2006, 2005, 2004, 2000, 

1998; OSM-EIS 2006, 1990, 1989; OSM-CHIA 1989).   

By 2002, USGS reported that further investigation into total recharge, leakage, and 

discharge was necessary before allocating more time to recalibration and model refinement; 

                                                 
81  Water level declines caused by the mine were underestimated by as much as 197%; declines caused by 
municipal withdrawals were overestimated by as much as 112%; and the model failed to accurately capture the 
linear relationship between potentiometric surface and spring discharge (see Postaudit II).  Model simulations 
were used as the basis for criteria developed by OSM; the poor accuracy of simulations is also reflected in the 
crossing of damage-thresholds for the spring discharge and potentiometric surface. 
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the conceptual model and primary components of the water-budget remain poorly 

understood, and “more advanced modeling techniques could be used to develop a more 

representative and less uncertain model” (Thomas 2002: 73).  These recognitions cast light 

upon the model’s range of prediction-errors (in the 1990 EIS) and the crossing of damage-

thresholds (in the 1989 CHIA) that were identified in Postaudit II.   

If trends continue their current trajectories, it could be expected that the regulatory 

authority would experience increasing pressure from Black Mesa residents to intervene in 

mining-activities, given its statutory responsibility to protect the resources in the Tribal Trust 

lands.  The disparate perspectives of regulators and residents remain highly polarized: OSM 

maintains that negative trends are attributable to increasing municipal pumpage or recent 

drought conditions82

It could also be expected that — in order to assuage the skepticism of Black Mesa 

residents — either a tangible shift in the current hydrogeological trajectories would be 

necessary or, in the least, a realistic and comprehensible explanation for the passing of 

damage-thresholds is be needed. 

, and Black Mesa residents interpret OSM’s reluctance to investigate 

apparent trends or alter the groundwater development plan as maintenance of the status quo 

(Whitely and Masayesva 1998; Glennon 2002; NRDC 2000, 2006).  

Peabody began developing a three-dimensional model of the N-aquifer in the late 1990s 

(“Peabody model”: HSIGeoTrans and WEHE 1999).  Conceptually, the Peabody model 

represents a vastly different groundwater system than was interpreted by the USGS 

                                                 
82 The results of Postaudit II showed that municipal withdrawals were actually less than the model had 
projected throughout the prediction period, the model overestimated the effects of municipal withdrawals on 
water-level, and that there is no statistically significant relationship between spring discharge and precipitation.  
OSM provided no empirical evidence to support its conclusion, and the results of this study show it to be 
groundless. 
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(Eychaner 1981, 1983; Brown and Eychaner 1988); it has been characterized as the most 

sophisticated, comprehensive, and accurate depiction of N-aquifer dynamics that has ever 

been developed (WEHE 2010; Peabody Energy (undated); OSM-EIS 2006, 2008).   

Completed in 1999, the Peabody model provided the basis for subsequent 

environmental impacts statements (OSM-EIS 2006, 2008) and cumulative hydrologic impact 

assessment (OSM-CHIA 2008).  

 

Mohave Violations Lead to Proposed Actions at Black Mesa 

 

The emissions violations at the Mohave Generating Station83

                                                 
83   MGS violated the applicable opacity limit (plume density) more than 400,000 times between 1993 and 1998, 
and limits for sulfur dioxide had been violated 40,000 times; these were ongoing violations carrying a maximum 
civil penalty of $25,000 for each violation (See Part II, Chapters 5 (The Third Decade) and 6 (The Fourth Decade), as 
well as Hedden et al. 2005).  According to the agreement, MGS-owners would either retrofit the plant with 
emission controls or shut it down by the end of 2005 when Southern California Edison’s coal-contract with the 
Black Mesa Coal Mine expired.  Legally, the defendants had only three years to achieve compliance with 
emissions standards but the plaintiffs in the case granted the owners six (Hedden et al. 2005; OSM-EIS 2006).    

 (MGS) and ensuing 

consent decree-agreement generated Peabody’s proposal to expand mining operations at 

Black Mesa.  Given the estimated $1.1 billion cost for bringing MGS into compliance with 

emission standards — and recognizing the ongoing conflict surrounding Peabody’s 

groundwater pumping on Black Mesa — Southern California Edison (SCE) wanted a 

guaranteed coal-supply and other assurances that would minimize the cost of coal-energy 

production at MGS.  These interests required Peabody to obtain a “life-of-mine” permit for 

the Black Mesa mine, increase its coal deliveries to MGS, and wash the coal before 

transforming it into slurry — requiring Peabody to increase its groundwater withdrawals by 

34% (OSM-EIS 2006, 2008). 
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Proposed Action (2004) and Environmental Impact Statements (2006, 2008) 

 

In 2004, Peabody filed an application with OSM to revise the life-of-mine permit.  

Peabody’s proposed actions included an increase in coal production from 4.8 to 6.35 million 

tons per year; construction of a new coal washing facility; build a new 108 mile groundwater 

pipeline from a well-field near Leupp that would pump water from the Coconino aquifer; 

increase groundwater withdrawals by an additional 5,600 acre-feet per year; rebuild the Black 

Mesa coal-slurry pipeline; expand the lease-area by nearly 9,000 acres; grant new rights-of-

way easements; and allow both Kayenta and Black Mesa mines to operate through 2026 as a 

single unit.  URS Corporation84

 

 was contracted to perform the environmental impact 

assessment for these actions (OSM-EIS 2006).   

Southern California Edison and the consent decree 

Although expected to shut down, MGS had not been decommissioned and remained 

permitted for operation, given the retrofit.  Should potential investors be identified (even 

after closure), a guaranteed coal and water supply would be paramount; OSM continued to 

work on the Draft Environmental Impact Statement for the proposed actions (OSM-EIS 2006). 

                                                 
84 URS provides “the full range of engineering and environmental services to FORTUNE 500 companies 
worldwide”.  Their clients are in the oil, gas, chemical, pharmaceutical, manufacturing, water control, mining, 
and nuclear industries, among others. URS is also a “top-tier contractor” of the U.S. federal government (URS 
2009).  Nowhere on the cover, title page, list of cooperating agencies, or first four chapters of the 2004 and 
2006 EIS is the company acknowledged (maps and illustrations bear the URS logo).  In Chapter five, 
Consultation and Coordination, the acronym URS appears within lists of federal agency acronyms, tribal agencies, 
and utility companies, but no clarification of the URS acronym is provided.  On the 487th page of the draft EIS 
(p. 6-8 of OSM-EIS 2006) in Chapter Six, Preparers and Contributors, the “disclaimer” appears, as required by the 
U.S. Council on Environmental Quality (OSM-EIS 2006).  See Appendix D to view the disclaimer. 
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On 25 May 2005, the Plaintiffs85

On 19 June 2005, SCE announced that it would no longer pursue efforts to reopen MGS 

(it was still operating, but the plant would close even if new owners were found: it would 

require more than six months to retrofit the plant).  Other participant owners in the plan, 

Nevada Power Company and the Los Angeles Department of Water and Power made 

similar statements.  Subsequently, OSM announced that it had suspended its efforts to 

publish the draft EIS

 in the consent decree-agreement wrote to the President 

of the Navajo Nation, Joe Shirley, and the Chairman of the Hopi Tribe, Wayne Taylor, 

stating that the Mohave Generating Station was certain to shut down at the end of the year; 

SCE and Peabody also acknowledged that the only way their facilities would continue 

operations was if MGS was granted an extension to the six-year, December 2005 deadline 

(Hedden et al. 2005). 

86

 

.    At that time, the Salt River Project (SRP), the second largest owner 

of MGS, stepped into the lead role for reopening MGS (OSM-EIS 2006). 

 

 

                                                 
85  Grand Canyon Trust, Sierra Club, and the National Parks and Conservation Association./ 
 
86  While the closure of the plant meant the end of MGS emissions and much of the groundwater pumping on 
Black Mesa, it was bad news to the tribal governments: Black Mesa Mine’s sole customer was the Mohave 
Generating Station.  Closure of MGS also meant closure of the Black Mesa Mine and the loss of mine-related 
tribal revenues (the Kayenta Mine serving the Navajo Generating Stations was unaffected).  The plaintiffs 
concluded that the California Public Utilities Commission should require the owners of MGS to provide 
closure mitigation funds to the tribal governments.  The letter explained, “…each year the EPA issues free of 
charge approximately 50,000 sulfur dioxide allowances to the Mohave owners. For every ton of sulfur dioxide 
emitted from Mohave, one allowance must be surrendered.  Mohave typically surrenders 40,000 allowances 
each year to cover its annual SO2 emissions, and either banks or sells the balance. Once Mohave closes it will 
have the full 50,000 allowances to sell every year.  At today’s market price of $600-$700 per allowance per year 
this would result in potential, unearned revenue stream to the owners of between $30 and $35 million per 
year.” (Hedden et al. 2005). 
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Salt River Project takes the lead 

In September 2005, the Salt River Project (SRP) announced that it was accelerating 

efforts to reopen the Mohave Generating Station by reforming the ownership-group, and 

requested that the EIS process be resumed, and OSM resumed its EIS procedures at that 

time (OSM-CHIA 2006).  Nonetheless, the Black Mesa Mine and coal-slurry pipeline were 

shut-down on 16 December 2005 (Kayenta Mine, which fueled the Navajo Generating 

Station in Page, AZ, remained open).  Southern California Edison ceased operations at MGS 

at 11:59 PM on 31 December 2005 (OSM-CHIA 2006). 

In November 2006, OSM distributed its Draft EIS for the Black Mesa Project even 

though the future of the Mohave Generating Station was unknown.  It had three 

alternatives; OSM’s “preferred alternative” (A) called for full approval of the Life-of-Mine 

revision and all activities in Peabody’s original Permit Application Package.  Alternative B 

included conditional approval of the permit revision without approval of the mining 

activities; Alternative C was disapproval of both the mining activities and permit revision.  

Public hearings followed and OSM began work on its Final EIS (OSM-CHIA 2006). 

 

Peabody assumes the lead 

On 6 February 2007, SRP announced that it was abandoning efforts to reopen the 

Mohave Generating Station, and EIS procedures were again halted.  Subsequently, Peabody 

notified OSM that it intended to remove the proposed mining activities from its permit 

application (those that would guarantee MGS its coal and supply) and amend the Life-of-
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Mine Permit revision87

This needs to be clearly understood: the Draft EIS (OSM-EIS 2006) focused upon the 

proposed actions under Alternative ‘A’ (the preferred alternative), but these actions had been 

altogether abandoned after the public hearings/public comment period had ended, and a 

new preferred alternative was itself an altered version of the prior Alternative ‘B’.   

.  The amendments would (1) allow mining until all coal was extracted 

from the lease-area, (2) expand the mine area by 19,000 acres (rather than the 9,000 acres 

proposed in Alternative A), and (3) bring the existing facilities at the Black Mesa Complex 

into compliance under SMCRA.  Peabody now assumed responsibility as principal applicant 

for the Final EIS procedures, should they be restarted (OSM-EIS 2008).  However, the 

changes to Peabody’s permit application package occurred after the public hearings and 

comment period for the 2006 Draft EIS (OSM-EIS 2006) had concluded.   

With Peabody as the principal applicant, OSM restarted its work on the Final EIS in May 

2008.  Shortly thereafter, however, the Natural Resources Defense Council (NRDC) wrote to 

OSM’s Dennis Winterringer, Leader of the Black Mesa Project EIS, requesting that OSM 

immediately suspend the public comment period on the Black Mesa Project Draft EIS 

because Peabody had only stated its intention to amend its current application, but they had 

not actually submitted any such application.  Thus, there currently was no federal action 

pending before the agency (NRDC 2008).   

The Final EIS (OSM-EIS 2008) would still summarize three alternatives, but ‘A’ would 

no longer a potential alternative given the closure of MGS; the impacts and affected 

environment of alternative ‘B’ would not be assessed nor did the public have the opportunity 

                                                 
87  This amended permit-revision maintained the original permit-revision’s intention to integrate the two 
contiguous Black Mesa and Kayenta mines into a single operating unit — and a single mining permit.  
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to review it (the preferred alternative increased from 9,000 acres under Alternative ‘A’ in the 

Draft EIS to 19,000 acres under Alternative ‘B’ in the Final EIS); and ‘C’ was the requisite 

“no action” alternative (OSM-EIS 2006, 2008).  It proposed one alternative that had not 

been assessed in its current form and two that proposed no changes to the current mining 

activities: a “reasonable” number of alternatives had not been evaluated and, as such, the 

process of permitting via “informed decision” had not occurred (see NEPA 1969). 

The NRDC wrote to OSM arguing that “mitigation measures, alternatives, and 

environmental impacts must be considered with respect to newly proposed and preferred 

alternative—the modified alternative B” (NRDC 2008).   

The Director of OSM’s Western Region, Allen Klein, responded in letter to the NRDC 

stating that the modified preferred-alternative would have less of an impact than Alternative 

‘A’ as assessed in the Draft EIS, and that—because the comment period had been extended 

an extra 30 days following the change of preferred alternative—the public had ample 

notification and time to comment on the draft EIS: “Therefore, we are not, as you 

requested, suspending or indefinitely extending the reopened comment period for the Black 

Mesa Project Draft EIS” (Klein 2008).   

OSM distributed its Final EIS for the Black Mesa Project in November 2008. 

 

Record of Decision (2008) 

 

On 22 December 2008, OSM entered its approval of Peabody’s permit-revision 

application; the Black Mesa-Kayenta Mine Complex was fully permitted with a permanent 
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Life-of-Mine permit through 2026 (the permit to pump groundwater for the Kayenta Mine 

had been approved in 1990) (OSM-EIS 2009).   

The 2008 permit incorporated the surface facilities and coal reserves of the adjacent 

Black Mesa Mine — which had been operating without a permit under OSM’s “initial 

regulatory program” since the 1970s, and under a pending-permit in “administrative delay” 

since 1985 — into the permanent permit for the Kayenta Mine: “The expanded permit area 

will now largely coincide with the lease boundary area and coal reserves that the Navajo and 

Hopi Tribe leased to Peabody.”  At the time, there was no plan to mine the coal reserves in 

the Black Mesa portion of the complex (OSM-EIS 2008).   

 

The Peabody Model 88

 

 

The [Peabody] model covers a slightly larger area than the USGS model.  
Additional hydrologic field data were collected and compiled as a part of the 
studies to develop the model.  The model has undergone extensive sensitivity 
testing and validation.  Evaluation of the model indicates that it successfully 
simulates historic water-level response to pumping in the N-aquifer. It also 
produces N-aquifer drawdowns that are essentially the same as the USGS model.  
This model has been accepted by OSM for use in evaluating impacts due to 
mine-related pumpage. (OSM-EIS 2006: 4-25) 

 

 The Draft and Final EIS (OSM-EIS 2006, 2008) provides no testable predictions for the 

preferred alternative (‘B’) until 2025; there is no way to evaluate the prediction-accuracy of 

the model that was used to acquire a life-of-mine permit until after the permit’s expiration 

(in 2026).  In fact, within the 758-page Draft EIS, two pages address potential hydrological 

                                                 
88  Unless otherwise referenced, all information in this section comes from the Peabody model  
(HSIGeoTrans & WEHE 1999). 
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impacts resulting from the proposed actions of the original Alternative ‘B’ (OSM-EIS 2006: 

4-38, 4-39), and two pages in the Final EIS (OSM-EIS 2008, also pp. 4-38, 4-39) address 

these impacts in the amended version of Alternative ‘B’ 89

No other information regarding hydrological impacts is provided.  In their entirety, the 

EIS’s determination of potential groundwater impacts: 

.   

 

Reduction of Saturated Thickness 
The N and D-aquifers remain confined (fully saturated) under all potential 
alternatives and thus will experience no reduction in saturated thickness.  In 
other words, no reduction in saturated thickness is predicted for the N- and D-
aquifer wells within the confined area of the aquifer.  There would be no impact. 
(Section 4.4.2.1.2, p. 4-38) 
 
Diminution of Stream and Spring Flow 
Under proposed Alternative B project pumpage, the greatest change in discharge 
is 13.7 af/yr, occurs at Begashibito Wash/Cow Springs.  This change is 0.63 
percent of the 2005 discharge and is considered negligible. (Section 4.4.2.1.3, p. 
4-38) 
 
Migration of Poor-Quality Groundwater 
Over the more than 20 years that the N-aquifer water quality has been 
monitored, there has been no notable long-term trend or change in quality. Since 
the Alternative B pumping scenario would result in less N-aquifer pumpage in 
the future, there is no reason to suspect that water quality would change for the 
worse. (Section 4.4.2.1.4, p. 4-38) 

 

Simulations generated by the Peabody model provided the basis for these conclusions 

(HSIGeoTrans & WEHE 1999).  While also limited in explicit predictions, the model report 

provides information that is useful in developing a more thorough inquiry into the trends 

revealed in Postaudit II.   

                                                 
89   1,236 af/y will be pumped from the N-aquifer for mining operation for the period 2006-2026; thereafter, 
the facility will withdrawal 500 af/yr for reclamation needs (2026-2028), and then 444 af/yr (2029-2038). OSM-
EIS (2006: 4-37). 
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Because the Peabody model simulations essentially reflect those of the USGS model 

(Brown and Eychaner 1988), it would be expected that this ongoing incongruence between 

actual hydrogeological conditions (e.g. water level decline at Kayenta and spring-discharge at 

Tuba City/Moenkopi, for example) and simulated conditions will require regulatory actions 

that generate either disgruntled mine operators or Black Mesa residents. 

 

Peabody Consultants 

Peabody developed its own three-dimensional numerical groundwater model of the D- 

and N-aquifers (“the Peabody model”) by 1999.  Taking nearly three years to complete, it 

was developed by hydrology consultants HSI-GeoTrans, Inc. and Waterstone Environmental 

Hydrology and Engineering, Inc. at a reported cost of $3 million (WEHE 2010). 

 HSI GeoTrans is an environmental consulting firm specializing in groundwater flow and 

transport modeling; their clientele includes nearly 30 FORTUNE 100 companies within the 

mining, energy, automotive, petroleum, and manufacturing industries (HSI GeoTrans 2009).   

Waterstone Environmental Hydrology and Engineering (WEHE) is an environmental consulting 

firm that provides “creative business solutions” and “special expertise” in hydrological 

regulatory procedures, ecological risk assessment, risk communication, and litigation 

support: “Waterstone risk assessments help our clients identify the most cost-effective 

remedial solutions… we approach regulatory negotiations and litigation from a strong 

scientific base” (WEHE 2010).   

The model report (HSIGeoTrans & WEHE 1999) explains that information used in the 

model’s development comes from more than 280 resources, making it “the most realistic 

description and conceptualization of flow and interaction between D- and N-aquifer flow 
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systems and the effects of groundwater withdrawals yet published” (pp. 1-4).  Compared to 

the USGS model (Brown and Eychaner 1988), the 3D model simulates aquifer dynamics 

more realistically; it incorporates the D-aquifer, N-aquifer, and intervening Carmel formation 

aquitard; and it does a better job of reproducing historical water-levels: 

    

…previous modeling assumptions and conceptual model pictures were not 
primarily relied upon, and a new and fresh approach was undertaken.  Although 
the 2D models constitute a significant and reliable picture of the N-aquifer, it 
was important to remain open-minded to new ideas and concepts of the flow 
regime especially given the inclusion of the D-aquifer into the 3D model” 
(HSIGeoTrans & WEHE 1999: 1-4). 

 

In 2005, the model was updated to include data through 2003 (GeoTrans 2005). 

According to an OSM hydrologist, the simulation results of the updated model “essentially 

reinforce the credibility of using the base-case model for predictive purposes” (OSM 2005b); 

the base-case simulation provided the basis for the environmental impact statement (OSM-

EIS 2006, 2008) and cumulative hydrologic impact assessment (OSM-CHIA 2008). 

 

Similarities to the USGS Model 

While significant changes were made in Peabody’s conceptual interpretation of the N-

aquifer, there are many similarities between the Peabody and USGS numerical models that 

need to be  recognized. 

Like the USGS model, the Peabody model “was designed to evaluate the effects on the 

groundwater system caused by pumping of water from both PWCC’s well field and at Tribal 

communities… [including] the effects on stream discharge, recharge, leakance, and water 
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levels throughout the basin.”  However, the model “was not designed to evaluate impacts at 

individual springs or wells” (HSIGeoTrans & WEHE 1999: 1-5). 

Just as the USGS acknowledged in its most recent evaluation of the USGS model 

(Thomas 2002), the basic components of the water budget (inflow and outflow) in 

Peabody’s 3D, $3 million model remain poorly understood: “Except for pumping rates, the 

other components of the water budget for the Black Mesa basin are less well-known because 

of the difficulty and expense of obtaining reliable measurements of recharge, 

evapotranspiration, and spring discharge for the basin” (p. 5-61). 

 

Hydrologic and Geological Data  

The “primary sources of hydrologic data” and “major sources of geologic data” used in 

the Peabody model are the USGS model (Eychaner 1983; Brown and Eychaner 1988), a 

USGS study that was the primary source of information for the USGS model (Cooley et al. 

1969), USGS monitoring reports and model evaluations (1984-1997), the GeoTrans model 

(1987), and unreferenced “Peabody sponsored studies” and “scientific literature” 

(HSIGeoTrans & WEHE 1999: 2-3 through 2-4, and 4-14 through 4-16).   

No new studies were performed and no new hydrogeological information was used 

other than recent monitoring data; however: 

 

These data sets differ significantly from those which supported previous models 
primarily by the collection of 11 additional years of pumping and water-level 
measurements.  In particular, the USGS, and the Hopi and Navajo Tribes 
increased their capabilities in monitoring water use by installing flow meters at 
most pumping centers within the basin. (HSIGeoTrans & WEHE 1999: 2-5) 
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Values for hydraulic conductivity and transmissivity are referenced to Stetson (1966); this is 

the pre-development feasibility study (Postaudit I) that assumed recharge to the N-aquifer 

was 235,000 acre-feet per year.  The report also implies that hydraulic conductivity-values 

from other “regional studies” were included in the model90

 

 (pp. 4-14 through 4-16).   Data 

for vertical hydraulic conductivity for the Carmel formation is referenced to the GeoTrans model 

and to unreferenced “published literature” (pp. 4-14 through 4-16).  Data for specific yield and 

specific storage are referenced to the 1983 version of the USGS model (Eychaner 1983) and to 

the USGS study Cooley et al. (1969) (pp. 4-14 through 4-16). 

Discharge 

Like the USGS model, an overall discharge-estimate for the N-aquifer was not attempted 

given the “sparseness of the data set 91

 

 related to spring discharge, groundwater discharge 

rates into the washes are not well known.  As a result, developing a qualitative estimate of 

discharge or absolute change is discharge, is not feasible” (p. 5-24). 

 

                                                 
90   These studies were conducted on the Kaiparowits Plateau north of the Grand Canyon; the San Juan Basin 
of northwestern New Mexico and Four Corners region; a sandstone aquifer in southwestern Utah; and a study 
in southern Utah found in an unpublished Master’s thesis; p. 4-15 in HSIGeoTrans & WEHE (1999).   
 
91  Springs: 634 springs are catalogued in the Peabody database; 419 occur within the model boundary; 110 are 
associated with the N-aquifer; 70 have been measured for discharge; 21 have been measured more than once, 
but their measurement stations were temporary.  The USGS has monitored 3 or 4 N-aquifer springs since 1982, 
but measurements occurred sporadically and during different seasons, and they are far from the confined 
portion of the aquifer (pp. 4-42 and 5-21).   Thus, “A regional scale model cannot currently be developed for 
the basin that will accurately predict impacts of pumping on individual springs” (p. 5-23).    N-aquifer discharge to 
washes: the volumetric rate is not well known (p. 4-43).   Evapotranspiration: “Measurement of ET rates requires 
considerable instrumentation and collection of large amounts of data.  As a result, measurements of ET rates 
are few, and tend to be more available for areas where ET is a significant process than for areas where ET rates 
are low” (p. 4-44). 
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Simulations 

Scenario B is the pumping regime used in this Postaudit: 1,236 af/yr would be pumped 

from the N aquifer for the Kayenta Mining operation from 2008 through 2026.  The “base 

case” model—used in the EIS and CHIA—estimated recharge of 17,700 af/y92

 

 (OSM-

CHIA 2008: 4-37).  Despite the changes in the conceptual model, its simulations rendered 

the same results as the USGS model:  

Changes in water levels caused by PWCC pumping are nearly imperceptible 
along the margins of the basin where the aquifer is unconfined (i.e. water levels 
are below the top of the aquifer). Effects on surface flows are attributable to 
both PWCC and community pumping.  Along the Laguna Creek, pumping by 
PWCC is predicted to deplete stream flows by less than one percent… At 
Pasture Canyon, near Tuba City, effects caused by PWCC are effectively zero.  
Effects from community pumping are higher at both places.  The largest effects 
from PWCC pumping are along Moenkopi Wash, but are still less than one 
percent… For both estimates of recharge, predicted effects to water-levels 
caused by PWCC are limited to the central, confined portion of the basin.  Along 
the margins, where the aquifer is unconfined, changes in water-levels are 
attributable to community pumping… the results from the 3D model are 
consistent with the results from the previous 2D modeling efforts… both the 
USGS 2D and 3D models show that at the leasehold, where drawdown is 
greatest, water levels will recover by over 70% within 20 years after cessation of 
PWCC pumping in 203393

                                                 
92  Copies of this model were made using different recharge values to evaluate the uncertainty of the parameter; 
models were created using recharge values of 11,000 af/y and 5,500 af/y.  Two additional models were created 
using different discharge to streams; however, the “base case” model was used for the subsequent EIS and 
CHIA.  The 2005 update (GeoTrans 2005) included actual pumping data through 2003; however, this update 
was generated largely to evaluate the effects of industrial withdrawals assuming that the Mohave Generating 
Station would again be operating in 2009; it focuses primarily upon the original Alternative A and added five 
new pumping scenarios.  The only pumping scenario relevant to this study is Scenario B. 

.  Therefore, the effects of withdrawals on the system 
are neither long-term no permanent (HSIGeoTrans & WEHE 1999: ES 5, 6). 

 
93   The model does not explain how long 80%, 90%, or 100% recoveries will take following cessation, nor 
does it explain the difference in recovery period between the two models using the 11,000 af/y recharge 
parameter compared to the one using the 5,500 af/y recharge parameter.  Furthermore, numerous 
discrepancies exist; for example, in comparison to the aforementioned recovery-period, chapter 1 explained: 
“Future projections of drawdown from this study are similar to previous studies in that the potentiometric 
surface will not drop below the top of the aquifer as a result of PWCC pumping, and water-levels are expected 
to recover to 94% of pre-pumping levels within 20 years after pumping ceases” (HSIGeoTrans & WEHE 
1999: 1-1). 
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Differences from the USGS Model 

The Peabody model integrates new hydrologic components into the N-Aquifer water 

budget, which is characterized as “a significant improvement over past models,” due to a 

“more complex analyses of recharge”, geological structures that influence flow, a better 

model boundary, and “a more complex definition of [hydrostratigraphic units] for the system 

which now include the D-aquifer”.  In the Peabody Model, the D- and the N-aquifer have 

been integrated into a single hydrogeological unit (HSIGeoTrans & WEHE 1999: 1-11). 

This change completely alters the conceptual dynamics of the N-aquifer as they were 

conceptualized in prior models.  Compared to the 5,400 mi2 model area of the USGS model, 

the Peabody model area increased due to “more accurate field data”: the “study area” 

comprises 12,000 mi2, and the “model area” alone is 7,450 mi2. (p. 1-2).  

Leakage continues to be neither a studied component of the actual system nor a tracked 

parameter of the monitoring program.  As an integrated unit, however, leakage from the 

overlying and poorer quality D-aquifer into the N-aquifer is natural flow (inflow to the N-

aquifer, or recharge); the model’s estimate of leakage from the D-aquifer is 4,034 af/y, 

conceptually providing a greater volume of annual recharge to the N-aquifer than the 

average annual withdrawals at the mine.   

Groundwater stored in the (integrated) N-aquifer more than doubled from 180 to 400 

million acre-feet (p. 1-11).  These spatial and volumetric increases vastly increased the 

recharge estimate, upon which Peabody’s water-budget model is based. 
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Figure 70. Map of 3 model areas (in HSIGeoTrans & WEHE 1999) 
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Recharge 

Chapter 4 of the model report, Hydrogeology94

 

, focuses primarily upon the recharge 

parameter, which is described as a superior estimate than those used in prior studies:  

Based on review of past studies, nearby regional model results, and available 
published methods summarized above, a quasi-physically based, distributed 
method was developed to estimate recharge for the study area… Ultimately, this 
method relies upon the model calibration to estimate the range of basin-scale 
recharge.  The recharge distribution is believed to be more representative of 
actual conditions than in past studies because it more accurately addresses 
differences in surface geology, soil type and distribution, and precipitation 
throughout the recharge area. (HSIGeoTrans & WEHE 1999: 4-24, 4-25) 

 

According to the new estimate, the minimum rate of recharge to the integrated aquifer 

system, as conceptualized in the Peabody model, is 17,726 af/y (p. 4-35).  However, this is 

considered “conservatively low” (p. 1-3).  The model report explains that given the 

“estimates derived from the empirical equations in Sections 4.6-3 and 4.6-4,” recharge likely 

ranges from 42,355 to 51,629 af/y (HSIGeoTrans & WEHE 1999: 4-35).   

The complex procedure for estimating the recharge parameter, as described in Chapter 4, 

was performed during model-calibration as planned.  However, the method did not work, so 

recharge estimate was derived from other methods: “the plan to estimate the recharge rate 

using the model was not successful because of uncertainty in the discharge rates” (p.5-12).  

The report concluded, “the process determined that the model is not a useful tool for 

reliably determining the recharge rate” (p. 5-48). 

                                                 
94  This chapter discusses all of the hydrogeological components that comprise the model’s water budget.  
However, of its 47 total pages, 21 focus exclusively on the recharge parameter, its method of estimation during 
the calibration process, and evidence of its accuracy.  The other twenty six pages define the system’s numerous 
hydrostratigraphic units (HSUs) and discuss HSU geometry, hydraulic properties, potentiometric surface, flow 
direction, discharge, evapotranspiration, and leakage.  
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It was determined that climatic variability has significant influence on the recharge 

parameter: “annual variation in basin-wide recharge estimates can vary by up to 100%” (p. 4-

36), and for the period 1976-1995, recharge fluctuated from 7,000 and 28,000 af/y with 

mean recharge of 17,700 af/y.  This is the parameter-value used in the Peabody model 

(HSIGeoTrans & WEHE 1999: 4-36). 

 

Validation 

The developers of the former USGS model (Eychaner 1981, 1983; Brown and Eychaner 

1988) did not characterize the USGS model as having been “validated” to make reliable 

predictions of future N-aquifer conditions, or that it was “validated” as an accurate 

representation of the system.   

However, Peabody consultants (HSIGeoTrans and WEHE 1999; GeoTrans 2005), and 

OSM (OSM-EIS 2006, 2008; OSM-CHIA 2008) explain that the Peabody model was 

“validated” and has been accepted for making reliable predictions of future N-aquifer 

conditions:  

 

The model has undergone extensive sensitivity testing and validation.  Evaluation 
of the model indicates that it successfully simulates historic water-level response 
to pumping in the N-aquifer. It also produces N-aquifer drawdowns that are 
essentially the same as the USGS model.  This model has been accepted by OSM 
for use in evaluating impacts due to mine-related pumpage. (OSM-EIS 2006: 4-
25) 
 
…the four models match the observed water-level changes at the six BM 
monitoring wells quite well.  The results indicated that recalibration is not 
warranted at this time, and are an indication of the ability of the model to 
accurately predict the effects of pumping by Peabody within the groundwater 
basin. (GeoTrans 2005: 46) 
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Calibrated models are often presented, either implicitly or explicitly, as empirically adequate 

representations of the system, as valid (Konikow 1986; Freyberg 1988; Bredehoeft and 

Konikow 1992; Oreskes et al. 1994; Holling 1978).  However, this is misleading, “If a model 

is validated, it follows that the model is valid.  A logical inference is that a model certified as 

valid can make reliable predictions, without qualifications. Yet, accepting that one needs to 

calibrate a site-specific groundwater model is tantamount to acknowledging the impossibility 

of validating such a model” (Konikow and Bredehoeft 1992).  

The assertions by OSM and GeoTrans (above) interchange the definition and process 

for model validation with model verification.  When the terms are used interchangeably, they 

“indicate that model predictions are consistent with observational data… [and] modelers 

misleadingly imply that validation and verification are synonymous, and that validation 

establishes the veracity of the model” (Oreskes et al. 1994).   

In Chapter 4 of Part I in this study (Modern Groundwater Development), it was explained that 

calibration (i.e. history matching) forces the model to reproduce historical conditions by 

changing parameter values until the modeler determines that an acceptable range of accuracy 

is achieved (Konikow 1986; Konikow and Bredehoeft 1992, 1993); however, a successful 

matching to historical conditions in no way infers that a model can be relied upon to 

accurately predict future conditions of a groundwater basin (Hassan 2004; Freyberg 1988; 

Konikow 1986).   

The calibrated model is verified by re-rerunning simulations using a second set of 

independent data that were not used during the calibration process (e.g. for water levels or 

discharge rates, etc) and verifying whether or not the calibrated model accurately simulated 

the independent data.  A model is said to be verified if it produces an acceptable match to this 
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data without having to change the calibrated parameter values (Anderson and Woessner 

1992a, 1992b; Woessner and Anderson 1996).  Groundwater modelers and managers often 

mistakenly equate a model’s ability to predict future conditions with a successful calibration 

and verification (Konikow and Bredehoeft 1992; Anderson and Woessner 1992a; Anderson 

et al. 1993). 

 

It should be recognized that when model parameters have been adjusted during 
calibration to obtain “best fit” to historical data, there is a bias towards 
extrapolating existing trends when predicting future conditions, in part because 
predictions of future stresses are often based on existing trends…. Concepts 
inherent in a given model may be adequate over the observed range of stresses, 
but may prove to be oversimplified of invalid approximations under a new and 
previously inexperienced type or magnitude of stresses. (Konikow 1986: 183) 

 

Where calibration and verification demonstrate a model’s ability to reproduce past and 

current behavior, validation tests a model’s accuracy in predicting future conditions, which 

can only be accomplished by conducting  Postaudit95

“A model cannot be considered validated until sufficient testing has been performed to 

ensure an acceptable level of predictive accuracy… validation requires a postaudit… some 

 (Konikow 1986; Konikow and 

Bredehoeft 1992; Anderson and Woessner 1992a, 1992b; Anderson et al. 1993; Anderson 

1995).    

                                                 
95  Konikow and Patten (1985) and Anderson and Woessner (1992a, 1992b) illustrated that deterministic 
models are generally unreliable over the long-term and that predictive errors are usually traceable to a flawed 
conceptual model and unknowable future stressors.  Brown (1996) explained that while postaudits offer 
valuable insights for revising model-errors, subsequent improvements takes place only after (1) the model has 
been accepted, (2) development actions have commenced, and (3) the prediction period has passed.    Konikow 
(1986) illustrated the problem of using a single set of parameter values to predict behavior: just as numerous 
models may be developed to compare the sensitivity of uncertain hydrogeological parameters, knowledge of 
future conditions is always unknowable.  Moreover, verification should not be confused with the verification of 
the model’s governing equations (i.e. code verification) which the modeler performs earlier in the process 
(Anderson and Woessner 1992a; Anderson et al. 1993 
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20 years or more after the model has been run” (Anderson 1995: 82).  Testing overall 

prediction accuracy after the model has been recently calibrated is misleading (Konikow 

1986; Konikow and Bredehoeft 1992; Anderson and Woessner 1992a, 1992b; Anderson et 

al. 1993; Anderson 1995). 

 

The Peabody model uses the conventional water-budget approach for conceptualizing 

the system.  However, the recharge parameter remains highly uncertain, the discharge 

parameter has never been evaluated, and during the calibration process, hydrogeological 

structures that do not actually exist were built-in to the model because it was the only way to 

get the simulations to match the observations:  

 

To achieve sufficient drawdown at BM5 and BM6 without simulating excessive 
drawdown at BM1, additional material zones in the Navajo Sandstone were 
created.  One is a zone (15, termed “Covered Central Navajo”) located 
southwest of the leasehold that extends southwestward to and beyond BM5… 
The other zones (“Ridge, Navajo”, “Ridge, Kayenta”, and “Ridge, Wingate”) are 
defined along the ridge of Black Mesa east of the leasehold. (HSIGeoTrans and 
WEHE 1999: 5-36) 
 
While there is no independent geological evidence of the existence of the 
“Covered Central Navajo” zone, other attempts to simulate the observed 
drawdown at BM5 and BM6 were not successful. For example, a test using 
higher conductivity zones along Moenkopi, Dinnebito, Polacca, Oraibi, and 
Jadito Washes produced better agreement at BM6 (in Dinnebito Wash) but 
poorer agreement at BM5 (in Oraibi Wash).  (HSIGeoTrans and WEHE 1999: 5-
38) 

 

The Peabody model consists of four different models because the recharge and 

discharge parameters are uncertain, and each different model includes fictional geological 

formations that were needed to achieve a successful calibration.  Despite the extensiveness 
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of its uncertainties, OSM explains that “Evaluation of the model indicates that it successfully 

simulates historic water-level response to pumping in the N-aquifer. This model has been 

accepted by OSM for use in evaluating impacts due to mine-related pumpage” (OSM-EIS 

2006: 4-25).  Thus, the Peabody model has been “validated” although (1) four models with 

different water-budget parameters were used, due to uncertainties; (2) each model was 

individually calibrated, generating forced empirical accuracy which is unique to each model; and 

(3) future conditions are always unknowable, due to uncertainties, which further confounds 

the existing uncertainty in each unique model. 

That the four different models were able to generate the same results simply reinforces 

the argument that “the empirical adequacy of numerical models is forced… Consider the 

difference between stating that a model is “verified” and stating that it has “forced empirical 

accuracy”” Oreskes at al. (1994).   The fact that the four models also match the simulation 

results of the USGS model (Brown and Eychaner 1988), which is an entirely different 

conceptual interpretation of the N-aquifer, also reinforces that the Peabody model’s accuracy 

is little more than “forced empirical adequacy”.  Moreover, in 2001, the USGS determined 

that its model was not an adequate representation of the N-aquifer (Thomas 2002). 

The Peabody model was calibrated and the calibrated model was verified, but it has 

never been validated in the scientific context as explained in the groundwater modeling 

literature (Konikow 1986; Freyberg 1988; Konikow and Bredehoeft 1992; Anderson and 

Woessner 1992a, 1992b; Anderson et al. 1993; Oreskes et al. 1994; Anderson 1995; Hassan 

2004).  If the model is updated annually and recalibrated (as purported), its prediction 

accuracy cannot be ascertained.  
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Peabody Withdrawals 

 

According to the Peabody model, (1) all groundwater impacts related to industrial 

withdrawals are confined to the central, confined portion of the N-aquifer; (2) impacts near 

the confined/unconfined aquifer boundary are attributable to municipal withdrawals; (3) 

impacts related to industrial withdrawals that occur in the unconfined portion of the aquifer 

are nearly imperceptible; and (4) the Peabody model produces essentially the same 

drawdown as the USGS model (HSIGeoTrans & WEHE 1999: pp. ES-5, ES-6, and 4-25).   

Visual inspection of the current water level behaviors in wells near the 

confined/unconfined boundary area, with consideration given to nearby communities and to 

the magnitude of industrial withdrawals, gives reason to question these conclusions.  Figure 

73 provides the locations of select NTUA and BIA wells along the boundary area, as well as 

the six USGS observation wells. 

The greatest volume of industrial withdrawals in a single year occurred in 1982 (more 

than 4,700 acre-feet), and they remained greater than 4,200 af/y through 1984.  Then, 

in1985, industrial withdrawals ceased completely for six months due to maintenance at the 

Mohave Generating Station (Figure 74).  In 1986, the mine resumed full pumping operations 

and extracted nearly 4,500 acre-feet (water level data from BMMP 2010 and Macy 2010). 

This large, six-month reduction in industrial withdrawals is expressed in the water-level 

records of numerous wells along the boundary area.  While its most conspicuous in wells 

nearest the mine, this same single-year jump or “recovery” appears to be expressed in wells 

around Tuba City (i.e. 3K-325 and Goldtooth).  
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Figure 71. Black Mesa area and locations of select N-aquifer wells 

 

 
Figure 72. Industrial Withdrawals,1968 – 2008 (data from Macy 2010) 
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Longhouse Valley and Shonto Southeast (northwest/west) 

Beginning with the wells that are closest to the mine, Longhouse Valley well and Shonto 

SE are located northwest of the Peabody lease-hold; water-levels show continuing decline 

with a profound single-year “recovery” jump around 198596

There are no communities in the immediate area other than Shonto (west of both wells), 

but Shonto is in the primary recharge area, some water levels have increased since mining 

commenced, and no well in the Shonto area has declined more than 12 ft (BMMP 2010).   

.   

In comparison to Peabody’s average withdrawal rate of 3,469 af/y (1968-2008), the 

Shonto well system’s 161 acre feet of withdrawals in 2008 comprises only 4.6% of Peabody’s 

average rate.  It is more likely that water level decline at Longhouse Valley and Shonto SE is 

caused by industrial withdrawals than by municipal withdrawals; water-level variability may 

be attributed to the hydrogeological and climatic dynamics of the boundary area location. 

 

   
Figure 73. Longhouse Valley (left) and Shonto SE (BMMP 2010) 

 
 

                                                 
96  No clear recovery is expressed since industrial withdrawals decreased by 75% in 2006, which may be the 
result of the accumulation of nearly 40 years of withdrawals at a higher average rate compared to 17 years of 
withdrawals in 1985 at a lower average rate (i.e. the “time-lag” effect: see Bredehoeft and Durbin 2009). 
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Cow Springs and White Mesa Arch (west) 

Cow Springs Well and White Mesa Arch well are located to the west/southwest of the 

Peabody well field; water levels at these wells show a clear increasing trend at Cow Springs 

and slightly increasing trend at White Mesa.  Although in the midst of increasing trends, 

both springs express a profound “recovery” of water level around 1985.   

The nearest municpal withdrawals in the area occur at Red Lake (32.1 acre-feet in 

2008), and further to the northeast, Shonto Junction (57.5 in 2008); total municipal 

withdrawals in the area is 89.6 acre-feet in 2008, approximately 2.6% of Peabody’s 3,469 af/y 

average for the period 1968-2008. 

While the increasing trends in both wells suggests that local municipal withdrawals 

have no adverse impact on local water-levels, the 1985 recovery suggests that water levels in 

this area are influenced by industrial groundwater pumping. 

 

   
Figure 74. Cow Springs (left) and White Mesa Arch (BMMP 2010) 

 
 

 

 



 
 

325 
 

Tuba City Rare Metals, 3K-325, and Goldtooth (southwest) 

All groundwater impacts in the area of Tuba City have been attributed to municipal 

withdrawals (HSIGeoTrans and WEHE 1999; Brown and Eychaner 1988). Water level at 

Tuba City Rare Metals shows an increasing trend (no obvious change in 1985).   

Water level at Tuba City 3K-325 is generally stable with a conspicuous “recovery” 

around 1985; water level at Goldtooth shows a slight decreasing trend, significant variability, 

and conspicuous “recovery” around 1985.  While it is difficult to conclude upon the effect of 

industrial withdrawals in these areas given this information alone, it is nonetheless intriguing 

that two of the three wells express the same “recovery” around 1985 – expressed also by the 

wells that are close to the mine on the aquifer’s western boundary. 

 
 

   

 
Figure 75. Rare Metals (left), 3K-325 (right), and Goldtooth (BMMP 2010) 
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Chilchinbito PM3 and Sweetwater Mesa (east/northeast) 

The areas of highest impact from mining withdrawals outside the leasehold includes 

Chilchinbito (east of the mine); however, data for Chilchinbito PM3 are inconsistent, and the 

decline since the pre-stress period is unknown (HSIGeoTrans and WEHE 1999). 

Sweetwater Mesa is located east of Chilchinbito near the confined/unconfined aquifer 

boundary and is affected by both municipal and industrial withdrawals.  The well at 

Sweetwater Mesa shows high variability and a decreasing trend.  

The USGS observation well BM2 is located between the communities of Chilchinbito 

and Kayenta; because no pumping occurs at this well, it is influenced “mostly” by the mine 

(HSIGeoTrans and WEHE 1999: 4-14).  BM2 expresses a consistently declining trend, 

which reflects the relatively uniform rate of industrial withdrawals and little or no influence 

from the more variable municipal withdrawals.  The influence of industrial withdrawals on 

the wells northeast of the mine is the focus of the following section. 

 

  
Figure 76. Sweetwater Mesa (left) and USGS BM2 (BMMP 2010) 
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Influence at Kayenta 

 
The effect of PWCC drawdown (as a percentage of total drawdown) at Kayenta is 13% in 
2011… The drawdown at BM3 appears to be almost entirely related to local pumping at 
Kayenta and is similar in all scenarios (HSIGeoTrans and WEHE 1999: 6-14, 6-16). 

 

According to Peabody, the wells that are influenced by industrial and municipal 

withdrawals express greater variability in water level (generally about 10-15 ft) compared to 

wells influenced primarily by the mine.  Alone, the mine’s relatively uniform pumpage 

presents as a smooth water-level decline over time (HIS GeoTrans & WEHE 1999: 4-14).   

This is evident in comparison of water-levels at USGS observation wells BM3 (affected 

by industrial and municipal withdrawals) and BM2 (effected “mostly” by industrial 

withdrawals97

BM3 is located at Kayenta; to date, total decline is 106.9 ft (Macy 2010).  BM2 is located 

southeast of Kayenta and northwest of Chilchinbito; to date, total decline is 92.6 ft (Macy 

2010).  The difference between water-level decline at BM3 and BM2 is 14.3 ft.   

.  Both BM2 and BM3 are approximately 16.4 miles from the closest Peabody 

well (NAV8), and they are 7.5 miles apart from each other.  For the period 1984-2005, 

Peabody withdrawals have average 4,085 af/y, more than seven times as much as Kayenta’s 

569 af/y. 

However, according to the Peabody model, 87% of the water-level decline at BM3 is 

attributed to municipal withdrawals; the mine—which is 16.4 miles away and pumps seven 

times as much groundwater than the Kayenta well-system, accounts for 13% (p. 6-14).   

                                                 
97  A drawdown interval map of combined industrial and municipal withdrawals (from 2005 to 2025) shows 
BM2 within or below the 1 foot drawdown interval; BM3 is nearest the 15 to 20 ft drawdown intervals (OSM-
EIS 2008: 4-196). 
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Figure 77. Groundwater-levels at BM2 (top) and BM3 (BMMP 2010) 
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Figure 78. The northern portion of Black Mesa (BMMP 2010) 

 

 
Figure 79. Withdrawals from the Mine and Kayenta Well System (data from Macy 2010) 
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According to the Peabody model, water-level decline at BM2 is caused “mostly” by 

industrial withdrawals (no percentage is given; p. 6-17).  It is the same distance from the 

Peabody well-field as BM3 (16.4 miles).  However, BM2 is an observation well; it does not 

pump groundwater, and it is not influenced by nearby communities. 

Yet, water level decline is only 14.3 ft greater at BM3 (at Kayenta).  Barring some 

profound geological feature that separates the BM2 well from the BM3 well, it seems 

plausible that the 14.3 ft difference in water-level decline is the result of added municipal 

withdrawals at BM3.  While Kayenta is a major pumping center (in the context of 

groundwater pumping at Black Mesa) averaging 569 af/y from 1984-2005, the mine 

withdrawals more than seven times this amount. 

The Peabody model-report compares the water-levels of BM3 to BM6 (directly south of 

the Peabody well-field) for water year 1996: 

 

BM3 is nearly the same distance from the PWCC wells as BM6, yet has nearly 15 
ft. greater drawdown.  BM3’s drawdown over time suggests a greater influence 
caused by local pumping, indicated by its greater annual fluctuation (i.e. 10-15 ft) 
than other BM wells, and by its already decreasing drawdown recorded prior to 
any PWCC pumping. (HSIGeoTrans and WEHE 1999: 4-14) 

 

However, water levels in 2005 (eleven years later), the water level in BM6 had fallen 

161.7 ft, while BM3 (influenced by both industrial and municipal withdrawals) had fallen 

103.6 ft.  BM6 was 58.1 feet below BM3, even though they are about the same distance from 

the mine and BM3 is influenced by withdrawals from the Kayenta well-system (avg. 569 

af/y).  Given OSM’s previous argument, the drawdown at BM3 should far exceed that of 

BM6. 
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Figure 80. Locations of BM2, BM3, and BM6 (adapted from Macy 2009) 

 

Recall from Postaudit II that the pre-stress (1965) potentiometric surface at Kayenta was 

100 feet above the top of the N-aquifer; by 2005, head was lost and the water-level had 

fallen below the top of the aquifer itself (106 ft).  If the 14 ft difference between BM2 and 

BM3 is the contribution from municipal withdrawals, then municipal pumping is not the 

primary source of decline that dropped the water-level beneath the top of the N-aquifer. 

An interval map generated by the Peabody model shows projected water-level decline 

from both industrial and municipal withdrawals for the year 2006 (in OSM-CHIA 2008: 65).  

BM3 sits on the 100 ft-decline interval running through Kayenta, BM2 is just outside the 100 

ft-decline interval, and BM6 sits just inside the 150 ft interval.   
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Figure 81. Interval Map for total withdrawals (in OSM-CHIA 2008) 
 

To date, OSM and Peabody maintain that 87% of the water-level decline at BM3 is 

caused by Kayenta withdrawals (OSM-EIS 2006, 2008; OSM-CHIA 2008; OSM 2006, 2005; 

HSIGeoTrans and WEHE 1999; GeoTrans 1999), despite the fact that BM2, BM3, and 

BM6 are the same approximate distance from the mine, the mine withdrawals seven times 

more groundwater than Kayenta, and BM2 (influenced by industrial withdrawals) reports 

only 14 ft less decline than BM3, and BM6 (influenced by industrial withdrawals) reports 

57.4 ft more drawdown than BM3. 

In 2006, OSM reported that the criterion for structural stability “is subject to review and 

modification in an update to the CHIA” (OSM 2006: 4). 
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Influence at Tuba City 

 

Drawdown at Tuba City has zero effect caused by PWCC. (HSIGeoTrans and WEHE 
1999: 6-14) 
 
To say that the mine’s pumping is the cause of surface water problems on Black Mesa are 
“Grains of truth distorted by people who don’t know the science”… As for the Hopi springs… 
they emanate from portions of the aquifer outside the area affected by the mine’s pumping.  
“They are separate hydrological basins” she says. “In dry periods, those springs simply turn off.  
In wet periods, they turn on.  In general, there is a direct relationship between the level of flow in 
the springs and the amount of precipitation.” (Carla Johnson, CEO of Waterstone 
Environmental Hydrology and Engineering, quoted in LA Times: Reilly 2004). 
 
Drawdown at Tuba City is solely caused by pumping from local community 
wells… There are no impacts at Tuba City from PWCC pumpage in either the 
2D or 3D model. (HSIGeoTrans and WEHE 1999:. 8-7 and 8-8) 

 

In 1998, while developing its own 3D model, Peabody received the input files from the 

most recent98 simulation runs of the prior USGS groundwater model99

                                                 
98  In 2006, OSM had reported that the most recent simulation run of the USGS model occurred in 2004 (OSM 
2006: 6, referring to the update and simulation by Littin and Monroe 2005).  Peabody received the input files, 
referenced above, for the 1996 update and 1997 simulation from G. Littin in January 2008 (personal 
communication with Peabody consultants, reported in HSIGeoTrans & WEHE 1999: 7-1). 

.  The input data used 

in USGS 1997 was compared to the input data of the 3D model, and “the same six pumping 

scenarios used in the 3D model were simulated with the USGS 2D (1997) model” 

(HSIGeoTrans and WEHE 1999: 7-1).  As with the 3D model, the effects from industrial 

withdrawals were distinguished from those caused by municipal withdrawals by simulating 

industrial withdrawals alone and subtracting the simulation-results of municipal withdrawals 

alone (HSIGeoTrans and WEHE 1999: Section 7, USGS 2D Model Update). 

 
99 In 1997, USGS updated its model (Brown and Eychaner 1988) with pumping data through 1996 before 
running simulations (the update is referred to as “USGS 1997”; see HSIGeoTrans & WEHE 1999: 7-1).   
Other than the updated pumping data, USGS 1997 is identical to Brown and Eychaner’s (1988) model, which 
was used for the EIS and CHIA discussed in Postaudit II (OSM-EIS 1989, 1990; OSM-CHIA 1989).   
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Interestingly, when Peabody ran the 3D-model’s six pumping scenarios in USGS 1997, 

the model reported that industrial withdrawals generated a 5% decline at Tuba City, 

heretofore assumed beyond the influence of the mine.  Simulations scenarios ‘A’ and ‘B’ 

state: “At Tuba City and Keams Canyon, the locations of largest drawdown, PWCC effects 

are 5% and 25% in 2011, respectively” (HSIGeoTrans and WEHE 1999: 7-6).  The curious 

phrasing in the sentence that followed somewhat obfuscates the finding: “Tuba City PWCC 

effects agree qualitatively with the 3D model and the observation by Brown and Eychaner 

(1988) that drawdown at Tuba City is from local pumping” (p. 7-6, 7-7). 

This is interpreted to mean that when the USGS model ran Peabody’s pumping 

scenarios, industrial withdrawals did influence conditions at Tuba City by 5% – thus 95% of 

the impacts are from local withdrawals, which is, from Peabody’s perspective, a 

“qualitatively” negligible or immaterial effect. 

Peabody concludes that the total of all the simulated effects, and the magnitude of those 

caused by mining alone, are less significant in the 3D model than in the 2D model (p. 7-13). 

However, the model-report explains: “It was shown in Chapter 6.0 that drawdown and wash 

effects at Tuba City develop almost independently of what occurs in the confined part of the 

aquifer system, a conclusion100

Actually, the USGS had determined that the effects of industrial withdrawals stopped 

well short of Tuba City (Eychaner 1983; Brown and Eychaner 1988), and it was this 

determination upon which OSM implied that the closest measurable effects from the mine 

 also reached by the USGS” (p. 7-13, emphasis added).  

                                                 
100 The USGS model simulations determined that the effects of industrial withdrawals stopped well short of 
Tuba City and Moenkopi; drawdown was thought to be caused entirely by local pumpage (Eychaner 1981, 
1983; Brown and Eychaner 1988). 
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were sixteen miles from the community101

 

 (OSM 2006: 6).  Figure 84 shows an interval map 

of drawdown projections from the USGS model for 2006; the mine’s closest effect (-0.3 ft) 

is approximately fifteen miles from Tuba City (Brown and Eychaner 1988).   

 
Figure 82. Interval map of drawdown in 2006 (in Brown and Eychaner 1988) 

 

The model-report also explains that simulations are unreliable in the Tuba City area:  

 
…improvements to the model in this area would be needed if it were to be used 
as a water-resource management tool for the Tuba City and Moenkopi area.  
Although the predicted wash discharge values derived from the model for this 
area are not reliable, there was no discernable difference for 2033 in the 
simulated values for Pasture Canyon discharge with and without PWCC 
pumping. (HSIGeoTrans and WEHE 1999: 5-53) 

                                                 
101   This was based on the 1994 USGS update using USGS simulations, not those used in USGS 1997: the 
Peabody simulationsl (Littin and Monroe 1995, as explained in HSIGeoTrans and WEHE 1999). 
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And while Chapter 7 (USGS 2D Model Update; 7-13) of the Peabody model-report 

(HSIGeoTrans and WEHE 1999) acknowledges that industrial groundwater withdrawals 

have a small (5%) influence on groundwater conditions in the Tuba City and Moenkopi area, 

Chapter 8 summarily refutes the prior acknowledgement: “Drawdown at Tuba City is solely 

caused by pumping from local community wells… There are no impacts at Tuba City from 

PWCC pumpage in either the 2D or 3D model” (pp. 8-7 and 8-8).   

Whether or not this 5% influence is a negligible or significant effect, it is regardless a 

remarkable finding given that, since 1966, both the U.S. Bureau of Reclamation (1968-1976) 

and the Office of Surface Mining Reclamation and Enforcement (1977-present) have argued 

that impacts at Tuba City is caused entirely by local pumpage or recent drought conditions 

(OSM 2006, 2005, 2004, 2000, 1998; USBR 1971, 1972).   

 

Influence on Moenkopi School Spring 

 

Given the ongoing concern regarding groundwater at Tuba City and Moenkopi, the 

recognition that industrial withdrawals may influence conditions in this area warrants further 

investigation.  To evaluate the significance of this potential influence, a regression analysis of 

industrial groundwater withdrawals and discharge at Moenkopi School Spring was 

performed.   Eighteen years of data are available for both spring discharge (1987-2008).  The 

most recent three years include the 75% reduction in industrial withdrawals (Figure 85); it 

may be expected that given this large reduction (compared to the data set’s average), these 

years will be statistical outliers in the data set.   
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Figure 83. Industrial Withdrawals, 1968-2008 (data from Macy 2010) 

 

 
 

Figure 84. Scatter plot: spring discharge & industrial withdrawals 
 



 
 

338 
 

Descriptive statistics illustrate the three outlier years in the histogram, box-plot with 

outliers, and normality plot.   Three years (2006, 2007, 2008) lie outside ±2 standard 

deviations (SD = 1,176.2 af/y) as seen in the box-plot (outliers are > 3 IQR).  With the three 

outliers removed (Figure 87), the remaining fifteen data points are more normally distributed 

(SD = 268; mean = 4,194 af/y). 

The regression reveals a strong (indirect) linear relationship between discharge from 

Moenkopi School Spring and industrial withdrawals (Figure 88).  As industrial withdrawals 

increase, discharge from Moenkopi School Spring decreases: r  = -0.84;  

with R2 = 0.71 (p < 0.0001).  In other words, 71% of the variability in spring discharge can 

be accounted for on the basis of the variability in industrial withdrawals.  
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Descriptive Statistics for 18 years of Industrial Withdrawals 
 

 
 

 

 
Figure 85. Descriptive statistics for industrial withdrawals, with outliers 
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Descriptive Statistics for 15 years of Industrial Withdrawals (no outliers) 
 

 
 

 
 

 
Figure 86. Descriptive Statistics for industrial withdrawals, outliers removed 
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Scatter Plot with Fit: Industrial Withdrawals / Moenkopi School Spring 
 

 
 

Figure 87. Regression of industrial withdrawals and spring discharge 
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The relationship between Moenkopi School Spring discharge and municipal withdrawals 

at Tuba City102

 

 is statistically insignificant (r = 30; R2 = 0.09; p = 0.28).  

Scatter Plot with Fit: Tuba City Withdrawals / Moenkopi School Spring 
 

 
 

Figure 88. Regression of municipal withdrawals and spring discharge 
 
                                                 
102 Seventeen years of data are available for the period between 1987 and 2008.  One statistical outlier was also 
identified in the data set for municipal withdrawals from the Tuba City well system: in 2002, Tuba City 
withdrew 1,455.7 acre-feet from its local well system (mean withdrawals = 1,103 acre-feet; 95% confidence 
interval 1,030 to 1,176 acre-feet; SD = 137.5 acre-feet).  The 2002 withdrawal-outlier was > 1.5 IQR and < 3 
IQR.   However, the outlier was not removed in this illustration because (1) it was not an anomalous rate or 
error, (2) the system is local to the spring, and (3) the effect on the spring should not have a time-lag effect on 
the scale of the Peabody withdrawals that occur some 60 miles away.  Moreover, removal of the outlier renders 
no statistically significance in comparison to the other results: r = -0..33; R2 = 0.11; and p = 0.23. 
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CHIA Criteria Threshold-Indicators: Revision103

 

 

In 1989, OSM established the material damage criteria for the N-aquifer "as a means of 

keeping the big picture of hydrologic impacts before the regulatory authority at all times, so 

that if the accumulated impacts reach potentially damaging magnitudes, they can be dealt 

with in a timely manner” (OSM 1985).  Twenty years later, the “big picture” at Black Mesa 

includes ongoing trends that present a challenge to the Regulatory Authority: ignoring the 

trends may heighten the sense of distrust and marginalization that has accumulated among 

Black Mesa residents, and any actions to investigate these trends or alter the current mining 

plan may have significant implications for mine employees, tribal revenues, and the Navajo 

Generating Station and its dependents.  Given OSM’s approval of Peabody’s life-of-mine 

permit application (in 2008), the manner in which the agency would act on the existing 

trends would likely forecast the future of industrial development on Black Mesa.  

Without announcement, and after the Record of Decision on the Final EIS was 

announced, OSM released a new Cumulative Hydrologic Impact Assessment for the Black Mesa-

Kayenta Mine on 28 December 2008 (OSM-CHIA 2008).   

The Technical Rationale explains: 

 

OSM determined that a new CHIA for the Black Mesa Complex was warranted.  
This CHIA reevaluates impact mechanisms, methodologies for impact 
assessment, and updates material damage criteria.  The need to supersede and 
replace the 1989 CHIA was prompted by a significant reduction in the quantity 

                                                 
103  While the 1989 CHIA (OSM-CHIA 1989) was integrated into the 1990 Final EIS (OSM-EIS 1990), the 
2008 CHIA revision (OSM-CHIA 2008) was not included in the 2008 Final EIS (OSM-EIS 2008).  Rather, the 
revision was released 28 December 2008, after the Record of Decision for the 2008 Final EIS was announced 
on 22 December 2008.  Unless otherwise referenced, information in this section is from the 2008 CHIA 
Revision (OSM-CHIA 2008). 
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of N-Aquifer water to be used during the LOM, the analysis of 20+ additional 
years of detailed hydrologic data, and several new hydrologic studies completed 
since 1989.  In addition, the 1989 CHIA included some information and criteria 
that have necessitated revision based on additional information about the 
hydrologic balance.  Recent data provide far more information than was available 
for completion of the 1989 CHIA. (OSM-CHIA 2008: 3) 

 

The 2008 CHIA provides a new evaluation methodology; it includes new definitions for 

basic terms, new boundaries for surface- and groundwater-impact areas, and creates entirely 

new material damage criteria and new threshold indicators.   

The original 1989 CHIA explicitly defined the term material damage in conformance with 

the 1985 Draft Guidelines for Preparation of a Cumulative Hydrologic Impact Assessment developed by 

OSM (OSM-CHIA 1989: 1-1; for Draft Guidelines, see OSM 1985).  The guidelines explain: 

 

Material damage to the hydrologic balance means, with respect to CHIA, the 
changes to the hydrologic balance caused by surface mining and reclamation 
operations to the extent that these changes would significantly affect present and 
potential uses as designated by the regulatory authority. (OSM-CHIA 1989: 5-1; 
referencing the definition in OSM 1985) 

 

In the 2008 CHIA revision, however, OSM explains that the Surface Mining Reclamation 

and Control Act of 1977 (SMCRA) does not define the phrase “Material damage to the 

hydrologic balance” (OSM-CHIA 2008: 2).  The revision does not reference to definition 

used in the 1989 CHIA or to OSM’s 1985 Guidelines for preparing CHIA (OSM 1985). 

 

The CHIA process cannot reasonably be extended to include remote and 
speculative impacts: rather, it should be defined to enable the regulatory 
authority to reach a decision for permit approval… Material damage implies that 
mining cannot proceed because the impact is deemed too severe.  Examples of 
material damage are permanent destruction of a major regional aquifer and long-
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term contamination of an aquifer in use for which there is no suitable 
replacement water supply.  (OSM-CHIA 2008: 2) 

 

To clarify, in the revised CHIA, “permanent destruction” and “long-term 

contamination” are examples of material damage to the N-aquifer (caused by mining) unless 

a suitable replacement water supply can be identified.  It is at this point—after it has been 

determined that permanent destruction or contamination has occurred—that mining will be 

ceased because impacts are too severe.   

OSM adds, “except for water quality standards and effluent limitations established at 30 

CFR Part 816.42, the determination of material damage criteria is left to the regulatory 

authority” (OSM-CHIA 2008: 2).   

 

Revised Groundwater Impact Area 

 

The 2008 Groundwater Cumulative Impact Area has changed.  The 1989 CHIA 

groundwater impact area encompassed 4,800 mi2 of the Black Mesa and Blanding 

Hydrologic Basins, as conceptualized in the USGS groundwater model (Eychaner 1981, 

1983; Brown and Eychaner 1988).   

In 2008, OSM uses the spatial parameters of Peabody model as the boundary of the 

groundwater impact area, although it does not provide the exact area in the CHIA itself.  

The Peabody model area is 7,450 mi2, an increase from the former impact area of 2,650 mi2 

(HSIGeoTrans & WEHE 1999; Brown and Eychaner 1988).   
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The 3D model considers the cumulative effect of all groundwater use from 
PWCC, Navajo Nation, and Hopi community pumping centers on the N- and 
D-Aquifers and associated discharge to local washes.  The 3D model predictions 
were also validated against field measured water levels from 1996 to 2003 (the 
3D model was calibrated in 1996) to assist in determining the appropriateness of 
utilizing the 3D model for predictive purposes. The model validation and 
previous calibrations to field data demonstrate that the 3D model is an 
appropriate tool for assessing PWCC water quantity impacts from groundwater 
pumping at the PWCC well field.  In order to evaluate all potential impacts from 
PWCC well field pumping, OSM believes the entire area included in the detailed 
aquifer model should be included in the CIA. Therefore, the groundwater CIA 
for the N- and D-aquifers is the area contained within the 3D model boundary. 
(OSM-CHIA 2008) 

 

Although the rate of groundwater pumping was recently reduced from its prior average 

of 4,000 af/y to a projected 1,236 af/y from 2006 through 2026 (a 72% reduction), OSM has 

increased the Groundwater Cumulative Impacts Area from 4,800 mi2 to 7,450 mi2 (a 64% 

increase).   

However, N-aquifer springs are no longer categorized as a groundwater impact; they are 

designated within their own category as a surface-water impact, which has two CIAs. 

 

Revised Surface-Water Impact Area (Springs) 

 

The 2008 CHIA vastly reduces the Surface Water Impact Area from the 3,800 mi2 area 

used in the 1989 CHIA (OSM-CHIA 1989) to 304 mi2 in 2008 (a 92% reduction).  In the 

1989 CHIA104

                                                 
104 In section 7.2.2 of the 1989 CHIA, Groundwater: N-Aquifer System, it explains, “The hydrologic concerns 
raised for the N-aquifer involve impacts on wells and springs, diminution of water quantity and degradation of 
water quality” (OSM-CHIA 1989: p.7-3).   

, springs were categorized within the groundwater impact area.  However, the 

2008 revision categorizes springs in the surface water impact Area, which has been reduced by 
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92%, and thus three of the original four springs associated with the N-aquifer—Moenkopi 

School Spring, Pasture Canyon Spring, and Unnamed Spring near Dennehotso—will no 

longer be considered for material damage caused by mining.   

 

 
Figure 89. Revised Surface Water Impact Area for springs (in OSM-CHIA 2008) 
 

The groundwater model predictions indicate that, outside of these two narrow 
areas, N-Aquifer will either remain confined and produce no springs (on the 
sides facing BMC) or unconfined and unaffected by PWCC pumping (on the 
side opposite the BMC).  The CIA is drawn only around the area where 
potentially affected springs might exist although the flow from these springs 
could theoretically impact flows downstream of this zone in the major washes if 
the baseline discharge is appreciable. (OSM-CHIA 2008: 81-82) 
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Revised Surface-Water Impact Area (Impoundments) 

 

The 1989 CHIA Surface Water Cumulative Impact Area drained the entire 3,800 mi2 

Moenkopi and Dinnebito watershed, and impounded water within a 70 mi2 area that 

controlled a maximum of 6,000 acre-feet of impounded water (OSM-CHIA 1989).   

In 2008 CHIA reduced the spatial extent of this impact area: 

 
The long-term impact of the impoundments at the Black Mesa Complex on 
surface flows will be unnoticeable, and they provide consistent sources of water 
to livestock and wildlife.  PWCC currently has 151 surface water impoundments 
and expects to retain 51 permanently.  Baseline information (Section 2.1.2.2.1) 
indicates that the PWCC impoundments currently reduce total mean annual 
surface runoff at the downstream end of the Moenkopi Wash CIA by 24 
percent105

 

.  Because only about one-third of the current impoundments will be 
retained permanently, total mean annual runoff at the downstream end of the 
CIA will be reduced by about 8 percent on a long-term basis.  Because total 
mean annual runoff in Moenkopi Wash varies from at least 135 to 4,332 acre-
feet, or 3,200 percent, an 8 percent reduction in mean annual flow is insignificant 
and would be unnoticeable for a user at the downstream end of the CIA.  
Impounding surface water permanently actually provides a net benefit for 
wildlife and livestock that will graze and water in the area.  The impact will be 
slightly less but on a smaller scale in the Dinnebito Wash portion of the CIA. 
(OSM-CHIA 2008: Section 2.1.2.2.2, p.29) 

It should be noted that Section 2.1.2.3.2, states “As indicated in section 2.1.2.2, 

impoundments currently control 24 percent of the Dinnebito and Moenkopi Watersheds”.  

Controlling 24% of the watershed is not necessarily the same as reducing the flow 

downstream at Moenkopi Village (Dinnebito Wash empties into Moenkopi Wash) by 24 

                                                 
105 Moenkopi Village, alongside Moenkopi Wash, has the highest concentration of traditional dryland farmers 
of all Hopi villages.  By these OSM’s figures, Peabody’s impoundments currently reduce runoff downstream—
which ranges from 135 to 4,322 acre-feet per year—by 24%; this is equivalent to a range of 32.4 to 1,037.3 
acre-feet per year.  This reduction, described as unnoticeable and insignificant to the dryland farmers at Moenkopi 
village, will be maintained through at least 2031. 
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percent.  Theoretically, depending upon numerous physical, biological, and climatic 

conditions, it is possible that 99 percent of the flow at Moenkopi wash is drained from this 

controlled 24 percent. Confusingly, Section 2.1.2.2 explains, because “the drainage area 

currently controlled by impoundments at the [Black Mesa Complex] is only 3.8% of the total 

drainage area at Moenkopi and will be reduced to 1.25 percent after mining as a result of 

permanent impoundments”, the surface water flow prevented from reaching Hopi farmers 

“would be inconsequential” (OSM-CHIA 2008).   

Some interpretive confusion regarding OSM’s explanation of impoundments and 

consequent impediment of surface flow is acknowledged.  Below, the first quote states that 

the mine’s surface-water impoundments reduce surface-flow of washes in the affected 

watershed by 24%; the second states that these impoundments control 24% of the spatial 

area of the watershed, thus equating spatial area with volumetric flow; the third quote states 

that only 3.8% of the watershed is controlled by impoundments at the mine lease-area, which 

seems to imply that the other 20.2% of watershed impoundments outside the mine area have 

no consequential affect upon flow at Moenkopi village (inquiries to OSM through email and 

voice-mail were not returned). 

 
PWCC impoundments currently reduce total mean annual surface runoff at the 
downstream end of the Moenkopi Wash CIA by 24 percent. (p. 29; section 
2.1.2.2) 
 
As indicated in section 2.1.2.2, impoundments currently control 24 percent of 
the Dinnebito and Moenkopi Watersheds… (p. 31; section 2.1.2.3.2) 
 
The drainage area currently controlled by impoundments at the BMC is only 
3.8% of the total drainage area at Moenkopi. (p. 23; section 2.1.2.1) 
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Revised Material Damage Criteria 

 

OSM has reviewed the relevant hydrologic information and hereby finds that the 
Peabody Western Coal Company’s Black Mesa Complex has been designed to 
prevent material damage to the hydrologic balance outside its permit boundary. 
(OSM-CHIA 2008: 90) 

 

The 2008 CHIA criteria were established based on the Peabody model simulations 

(HSIGeoTrans & WEHE 1999; GeoTrans 2005).  OSM developed five entirely new criteria, 

but three of them will not be evaluated because OSM determined that they are not relevant 

to industrial groundwater withdrawals.   
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(1) Structural Stability 

In 1989, OSM’s criterion for structural stability required maintaining the potentiometric-

surface at least 100 ft above the top of the N-aquifer (OSM-CHIA 1989: 5-5).  OSM 

explained: “at no time does the potentiometric surface drop to this level anywhere within the 

affected area for any scenario” (OSM-EIS 1990: IV-28).  Shortly thereafter, the surface 

dropped beneath the 100 ft. threshold at Kayenta, and then beneath the top of the N-aquifer 

itself.  In 2008, OSM removed this criterion from regulatory oversight.      

 

 

Table 12. Revised CHIA Criteria for Structural Stability 
 

~ NO CRITERION ~ 
 
OSM would declare material damage to the confined portion of the N-Aquifer if at any municipal 
well location the pressure head of the N-Aquifer was decreased by more than 50% attributable to 
PWCC pumping.  For the purpose of this material damage criterion, the confined portion of the 
N-Aquifer will be defined as the areas with a pre-mining pressure head of at least 100 feet above 
the N-Aquifer.  OSM would declare material damage to the unconfined portion of the N-Aquifer 
if at any municipal well location the saturated thickness of the N-Aquifer was decreased by more 
than 30% attributable to PWCC pumping.  The occurrence of material damage would have to be 
verified by field measurements and the results of a groundwater flow model deemed acceptable 
by OSM. 
 
…Pumping of the confined N-Aquifer system by PWCC has reduced the potentiometric surface 
but could not cause material damage, because PWCC’s Maximum drawdown impact occurred in 
2006.  PWCC reduced its rate of N-Aquifer pumping by approximately 70% at the end of 2005.  
Water levels in the N-Aquifer system are currently recovering… Model results and ongoing 
monitoring demonstrate that there is and will be no impairment to the use of N-aquifer from 
PWCC pumping… Because no material damage has occurred to date and the confined N-aquifer 
water levels are now rising due to significant reduction in PWCC pumping, material damage has 
been prevented… OSM knows of no aquifers like N-Aquifer that have experienced any structural 
instability due to groundwater pumping.  And now that N-Aquifer is recovering from past higher 
pumping rates, with no documented instability, future structural impacts are even less likely than 
they were previously.   
 
Therefore, OSM will set no material damage criterion for the structural stability of N-Aquifer. 

 

 OSM-CHIA 2008: section 3.1.2.2.3, p.71. 
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(2) Groundwater Quality 

The 1989 CHIA criterion for N-aquifer groundwater quality determined that a 10% 

increase of leakage from the overlying D-aquifer, caused by mine-related withdrawals, would 

cause material damage (OSM-CHIA 1989).  However, groundwater quality in the D-aquifer 

has never been monitored, so there is no way to evaluate the leakage parameter. 

OSM used the USGS groundwater model (Brown and Eychaner 1988) to evaluate the 

criterion, but evidence uncovered through subsequent chemical and flow studies (Truini and 

Macy 2005; Truini and Longsworth 2003; Lopes and Hoffman 1997) established that a great 

deal more leakage had been occurring that previously believed.  

In 2006, OSM reported that two N-aquifer wells (Keams Canyon PM2 106

USGS reported that Keams Canyon PM2 exceeds the EPA’s Maximum Contaminant Level 

(MCL) for arsenic (currently at 40.3 μg/L for MCL: 10 μg/L; see Truini and Macy 2007).   

 and Rough 

Rock PM5) had TDS-levels exceeding the EPA’s recommended drinking water limit, and 

“appreciably higher levels of chloride” at 97 mg/L and 113 mg/L, respectively (OSM 2006).   

In 2008, OSM determined that Peabody will monitor groundwater quality within the 

mine’s lease-area and the USGS would monitor the designated area to the south of the mine.  

However, also OSM determined there is no longer concern for mine-related impacts to 

chemical quality outside of the lease-area (including spring discharge).  Thus, Keams Canyon 

PM2 and Rough Rock P5 will no longer fall within the purview of regulatory oversight.   

 

 

                                                 
106  In Scenario ‘B’, The Peabody model reported that Keams canyon has the largest drawdown (24%) in 
response to industrial groundwater withdrawals (HSIGeoTrans and WEHE 1999: 7-7). 
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Table 13. Revised CHIA Criteria for Groundwater Quality 
 

GROUNDWATER QUALITY: PWCC WELL-FIELD 
 

OSM would declare material damage to N-Aquifer quality if it was determined that 50% 
of the PWCC N-Aquifer wells did not meet the sulfate (250 mg/L) and TDS (500 
mg/L) NNEPA drinking water standards for a period of five consecutive years. Decades 
of quarterly monitoring data (Figure 3-12) from PWCC production wells indicate that 
mine-related pumping has not degraded the quality of N-Aquifer water from increased 
leakage from D-Aquifer in the vicinity of BMC. Therefore, PWCC pumping of the N-
Aquifer has not caused material damage to the quality of the N-Aquifer. PWCC’s 
proposed operation of the BMC has also been designed to prevent material damage to 
the quality of the N-Aquifer. However, water quality of the PWCC well field will 
continue to be assessed on a quarterly basis to ensure that the N-Aquifer continues to 
meet applicable water quality standards. 
 

GROUNDWATER QUALITY: SOUTH OF PWCC WELL-FIELD 
 

~ NO CRITERION ~ 
 
A Substantial region in the southern extents of the Black Mesa has been identified as 
already having a high natural leakage between D- and N-Aquifer (Truini and Macy 
2005). The variability in water quality within and between specific community wells 
throughout the Black Mesa Region likely reflects the highly variable leakage potential 
around the Black Mesa Region (Figure 3-11). Measured and predicted drawdown in the 
areas of the community wells is a combination of pumping from the PWCC and the 
communities… To date, no significant water quality impacts to the community wells 
have been attributed to PWCC pumping.  As water levels continue to recover from the 
large reduction in PWCC pumping that began in late 2005, the potential for increased 
leakage from D-Aquifer to N-Aquifer will diminish.   
 
Therefore, no material damage criterion will be set for the southern region of the N-
Aquifer. 

 

GROUNDWATER QUALITY: SPRINGS 
 

~ NO CRITERION ~ 
 
“No material damage criteria will be considered for the water quality at N-aquifer 
springs because the potential for water quality impacts on N-Aquifer springs from 
PWCC pumping is insignificant.  Currently, only one N-Aquifer spring within the CIA is 
monitored, and it indicates no significant trends in water quality…. the quality might 
vary naturally in the southern part of Black Mesa…. local pumping will contribute far 
more to drawdown in the N-Aquifer spring CIA than PWCC pumping.  Therefore, 
OSM anticipates no significant impacts to the water quality of N-Aquifer springs due to 
PWCC pumping.  The PWCC operation has been designed to prevent material damage 
to the quality of N-Aquifer springs. 

 

OSM-CHIA 2008: section 3.1.2.3.3, p.76, and section 3.2.2.3.3, p.88.   
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(3) Discharge from Springs and (4) Streams 

In 1989, OSM established the criteria for spring discharge (a 10% reduction in discharge 

from N-aquifer springs, caused by mining) and discharge to streams (a 10% reduction of N-

aquifer discharge to streams, caused by mining; OSM-CHIA 1989).   

Postaudit II demonstrated that discharge from Moenkopi School Spring and Pasture 

Canyon Spring have declining trends of 26% and 7%, respectively.  Moenkopi School spring 

also shows a statistically significant relationship that correlates with industrial groundwater 

withdrawals (r = -0.81; R2 = 0.71; p < 0.0001) while, concurrently, it expresses a weak 

relationship with Municipal groundwater withdrawals (r = -0.31; R2 = 0.10; p = 0.24). 

In 2008, OSM categorized spring discharge under the surface-water impact area, which 

has been reduced by 92%.  Thus, Moenkopi School Spring and Pasture Canyon Spring are 

no longer within an impact area (of effects caused by the mine).  OSM concluded: “Because 

the springs in the vicinity of Tuba City and Moenkopi area lie considerably outside the 

confined region of N-aquifer, there have been and will be no impacts to these springs 

attributable to PWCC pumping.  The 3D groundwater model predicts no reduction in the 

flow of Pasture Canyon Spring due to PWCC pumping” (OSM-CHIA 2008: 85). 

Only Burro Spring is now within the purview of regulatory oversight; however, field 

measurements will not be used to evaluate it condition — the Peabody model will be used to 

make this determination (OSM-CHIA 2008). 
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Table 14. Revised CHIA Criteria for Spring and Stream Discharge 
 
 

OSM would declare material damage to N-Aquifer spring quantity if OSM determined 
that PWCC pumping reduced discharge from the N-Aquifer to any wash (including 
springs, streams, etc.) within the CIA by more than 10% for 10 consecutive years.  This 
reduction would be measured using the calibrated PWCC groundwater flow model, 
which will be continually updated with annual monitoring data. 
 
The PWCC model will be used for this purpose instead of direct spring measurements 
partly because only one aquifer spring (Burro Spring) within the CIA is consistently 
gaged [sic] and data from this spring indicate that there has been no statistically 
significant impact from PWCC pumping…. Model predictions indicate that the majority 
of drawdown of N-Aquifer in the southern part of Black Mesa would derive from local 
pumping sources.  Furthermore, calculations indicate a miniscule impact from PWCC 
pumping to streams that receive a fractional amount of their flow from N-aquifer 
springs.  Therefore PWCC’s proposed operation of the BMC is designed to prevent 
material damage to the quantity of water discharging from N-Aquifer springs and its 
corresponding uses. 

 

OSM-CHIA 2008: section 3.2.2.2.3, p.87.   
 

These changes between the 1989 and 2008 CHIA criteria are summarized below. 

 

Table 15. The 1989 and 2008 CHIA Material Damage Criteria 
 

1989  
Criterion 

1989  
Indicator 

1989 
determination 

1989  
Threshold 

1. Structural Stability 100 ft above aquifer model-based crossed 

2. Water Quality leakage > 10% model-based not tracked 

3. Discharge from Springs 10% decrease model-based crossed 

4. Discharge to Streams 10% decrease model-based not tracked 
 

 

2008 
Criterion 

2008 
Indicator 

2008 
Determination 

2008 
Threshold 

1. Structural stability   - - - 

2. Groundwater Quality (Confined/South) - - - 

3. Groundwater Quality (Springs) - - - 

4. Groundwater Quality (Peabody Well-field) (see CHIA) Peabody Safe 

5. Discharge from Burro Spring (only)   (see CHIA) model-based Safe 

6. Discharge to Streams   (see CHIA) model-based Safe 
 

(OSM-CHIA 1989, 2008) 
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PART V:  DISCUSSION 

 

 

Now we have the invisible hand of rational self-interest… to resolve water disputes peacefully 
and achieve a fairer distribution of benefits.  We don’t even need the courts, for individuals can 
now solve their own conflicts without external interference, regaining the autonomy they once 
enjoyed in developing river resources.  All of this has been made possible… by the rise of 
capitalism.  Its emergence has dispersed concentrated power, put negotiation and contract in the 
place of repressive authority, and assured that democracy will flourish in the desert.   

 

Summary of Harvard Law Professor  
Lon Fuller’s thesis, Irrigation and Tyranny (1965) 

by Donald Worster, in Rivers of Empire (1985) 
 
 

 
For years, charges had swirled that during the decisive time of the 1960s Boyden, in violation of 
high ethical and legal obligations to his tribal clients, also worked in the dark for Peabody Coal 
Company and other development interests that wanted Indian land, minerals, and water…  
His story is the story of conquest of Black Mesa and the two tribes… 
 

~ Charles Wilkinson 
Fire on the Plateau (1999) 

 
 
 
Because springs in the vicinity of Tuba City and Moenkopi area lie considerably outside of the 
confined region of N-aquifer, there have been and will be no impacts to these springs 
attributable to mining.  

~ Office of Surface Mining Reclamation and Enforcement 
OSM-CHIA (2008: 86) 

 
 
 

What we call Man’s Power over Nature turns out to be a power exercised by some men over 
other men with Nature as its instrument. 
 

~ C.S. Lewis  
The Abolition of Man (1943) 

 
 



 
 

357 
 

14. SUMMARY OF FINDINGS 

 

The results of this case study reinforce the current literature on natural resource 

development, ecosystem management, risk assessment, groundwater modeling, and the 

water-budget myth.  Much of this literature has been distilled into fourteen principles of 

groundwater development107 (Chapter 5) and into the study’s theoretical framework108

 

 

(Appendix B).  Where appropriate, acknowledgement of these principles and components 

are noted throughout this chapter. 

* 

 

 

 

 

 

                                                 
107  These principles are an aggregate of the literature on groundwater development, groundwater and 
ecological modeling, and the Water-Budget Myth (see chapters 4 and 5).  This includes Theis 1935, 1938, 1940; 
Lohman 1972; National Research Council 1990, 2000; Bredehoeft et al. 1982; Bredehoeft 1997, 2002, 2003, 
2006; Bredehoeft and Durbin 2009; Konikow and Bredehoeft 1992; Sophocleous 1997, 1998, 2000; Devlin and 
Sophocleous 2004; Freyberg 1988; Balleau 1988; Balleau and Mayer 1988; Brown 1996; Moench 2004; Alley 
and Leake 2004; Alley et al. 1999; Alley 2007; Alley and Emery 1986; Konikow and Person 1985; Konikow 
1986; Konikow and Swain 1990; Oreskes et al. 1994; Anderson and Woessner 1992a, 1992b; Anderson 1995; 
Anderson and Lu 2005; Woessner and Anderson 1996; Carpenter et al. 2002; Weaver et al. 1996; Hassan 2004; 
Milly et al. 2008. 
 
108   These components are an aggregate of the literature on natural resource development, social-ecological 
systems research, resilience, ecological systems modeling, complexity science, and risk assessment (see 
Appendix B).  This includes Ludwig et al. 1993; Holling 1978, 1986, 1995; Holling et al. 2002; Holling and 
Meffe 1998; Holling and Sanderson 1996; Hanna et al. 1996; Westley et al.  2002; Gunderson and Holling 2002; 
Ackerman and Heinzerling 2004; Berkes 1988; Bradshaw and Borchers 2000; Council on Environmental 
Quality 2007; Council on Environmental Quality 2007; Culhane and Friesema 1978; Erickson 1976; 
Greenberger et al. 1976; Lawrence 2003; Lindstrom and Smith 2001; O’Brien 2002; Oreskes et al. 1994; Rees 
1985; Suskind et al. 2001; Taylor and Humpstone 1973; Wynne 1996.  
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Conflict characterizes the history of coal-energy groundwater exploitation at Black Mesa.  

Throughout the mine’s forty year history, members of the Hopi Tribe and Diné Nation have 

consistently articulated their concerns regarding decreased surface flow in washes and 

discharge from springs, degradation of associated wetlands, loss of culturally significant 

locations and resources, decline of biodiversity; and risk to public health (Masayesva 2004; 

Selestewa 2004; Secakuku 2001; Glennon 2002; Wilkinson 1999).    

Simultaneously, Peabody Western Coal Company (Peabody), Peabody consultants 

(Waterstone Environmental Hydrology and Engineering Inc. and GeoTrans, Inc), the 

Bureau of Reclamation (USBR), and the Office of Surface Mining Reclamation and 

Enforcement (OSM) have consistently asserted that there have been no adverse impacts to 

Black Mesa’s groundwater resources in response to industrial withdrawals, and the declining 

trends are the result of increased municipal pumping, drought, or other sources unrelated to 

mining activities (USBR 1971, 1972; Carson 1994; OSM-CHIA 1989, 2008; OSM-EIS 1989, 

1990; OSM 2006, 2008; OSM, 2003, 2004,2005, 2006). 

After forty years of development, there continues to be little understanding of the 

relationship between industrial groundwater exploitation and its impacts upon the 

hydrological and social-ecological systems of Black Mesa (Glennon 2002; Wilkinson 1999; 

Whitely and Masayesva 1998; Clemmer 1995; James 1994; Thomas 2002; NRDC 2000, 

2006). 
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The USGS Model 
 

The USGS groundwater model was designed to improve understanding of the N-

aquifer’s dynamics and evaluate the potential effects of various pumping regimes.  It was not 

designed to serve as the basis of conclusions regarding safe yield or the significance of 

adverse impacts: “…data are not available for most nodes.  Some data may be incorrect or 

be subject to multiple interpretations” (Eychaner 1981).   

Since its first iteration, the USGS has routinely tested109

In its first seven years, the USGS model was calibrated four times (Eychaner 1981, 1983; 

Hill and Whetten 1986; Brown and Eychaner 1988), and the modeler’s explicitly 

acknowledged its non-uniqueness: “Although the 1988 model reasonably reproduced 

 and recalibrated its model, which 

occurred for the second time only two years after it was developed (Eychaner 1981, 1983).   

By 1985, divergence between simulated and measured water-levels was apparent; the model 

was updated, recalibrated, integrated a finer spatial grid, and refined the model with greater 

focus upon key parameter values at specific communities.   

                                                 
109  The USGS has iteratively tested and refined its groundwater model of the N-aquifer since 1981.  The first 
USGS groundwater model of the N-aquifer was developed in 1981 (Eychaner 1981, Open-File report 81-2201).  
By 1982, total pumpage from the N-aquifer had increased enough to cause significant declines in well-levels; 
USGS updated the model to improve areas of uncertainty (Eychaner 1983: 15).   In 1985, the USGS model was 
rerun to include pumpage for 1980 to 1984.  Divergence was beginning to occur; parameter adjustments 
(recalibration) were made to reflect measured changes (Hill and Whetten 1986).   In 1987, USGS assessed the 
performance of its model (Hill and Sottilare 1987).  In the 1988 update, the model was converted to a new 
modeling program and recalibrated using new parameter estimates (Brown and Eychaner 1988).   Papadopolus 
and Associates (1993) evaluated the USGS model’s input data and technical correctness, and Waterstone 
Environmental Hydrology and Engineering (1995) evaluated input data along with statistical uncertainty and 
predictive reliability; both determined that the model performed reasonably well.   According to OSM (2006: 6), 
the USGS updated the model in 1994 with new monitoring data and ran simulations (in Littin and Monroe 
1995; however, this is unverified as the report makes no reference to this update); according to Peabody (1999: 
7-1), USGS again updated the model in 1996 (Littin and Monroe 1997).    The most recent testing of the 
model’s performance occurred in 2001, when Thomas (2002) evaluated its sensitivity to specific parameters and 
suggested numerous areas where the model needed improvement. 
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observed water-level changes in six observation wells, the solution is not unique.  Equally 

close agreement to the observed heads was reached by the 1983 model… Other [parameter 

value] combinations that are consistent with field observations could be selected that would 

simulate the N-aquifer equally well” (Brown and Eychaner 1988: 19).   

 

Regulatory Application of the USGS Model 

 

Since 1977, OSM has been the lead federal agency responsible for evaluating the mine’s 

impacts on the N-aquifer and is charged with performing this function in the service of 

tribes’ long-term interests:  

 

OSM has regulatory authority for coal mining operations that occur on Indian 
lands in the Western United States. As such, OSM… is responsible for the 
review and decisions on all applications to conduct mining operations and, if a 
mining permit is issued, OSM is responsible for inspection of the mines to 
ensure that the public and the environment is protected. (OSM 2008) 

 

In 1989, OSM employed the USGS model for purposes that exceeded its capacity: its 

simulations were used as the basis of impact assessment studies110

                                                 
110 Principle of Groundwater Development: Acceptance of a groundwater model should be based upon the strength 
and number of observations that confirm the accuracy of its simulations (See chapters 4 and 5 for detailed 
explanation and literature review). 

 (OSM-CHIA 1989; OSM-

EIS 1989, 1990).  A year earlier, USGS had explained that its model “cannot adequately 

represent the local geology and simulate hydrologic processes in detail”, and that its 

“projection results are better used to compare effects of different development plans rather 
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than estimate actual future water levels and water-budget components” (Brown and 

Eychaner 1988: 25).  

Nonetheless, OSM would subsequently use the model’s simulations as the basis of its 

annual evaluation of the N-aquifer — in spite of monitoring data that conflicted with the 

simulations111

This misapplication of the model was acknowledged by the Environmental Protection 

agency following its review of OSM’s 1990 Draft EIS: 

 and despite the fact that simulations had not been run in as many as twelve 

years (OSM 2006, 2008; OSM, 2003, 2004, 2005, 2006).   

 

While EPA accepts the approach taken in modeling hydrologic baseline 
conditions and impacts, the conclusiveness of [OSM’s] effort is undermined by 
lack of data.  This limitation, compounded by use of material damage criteria 
based on thresholds much less sensitive than “significance” under NEPA, leads 
us to reject the evaluation of hydrologic impacts.  EPA believes that the available 
data do not support statements in the DEIS that the cumulative effects of 
current and foreseeable mining and related operations (principally the coal 
transport slurry) are expected to result in only minor hydrologic impacts. (EPA 
1990) 

 

                                                 
111  For example, “CHIA criterion 3 is based on computer simulation of changes in areas of hydraulic head near 
the confined / unconfined boundary of the N-aquifer, not specific spring discharge points.  As such, it was 
concluded by OSM after review of the USGS model that spring discharge reduction related to mine pumping 
would be less than 1-percent of the total discharge in spring areas based on simulated changes in hydraulic 
head; therefore, no material damage to N-aquifer spring discharge is projected to occur (OSM 1989)” (OSM 
2006: 8).  This 2006 conclusion includes a caveat that was not included in the 1989 CHIA, which explicitly 
emphasizes that discharge far from the confined/unconfined boundary area will not be effected by mine 
withdrawals: “Simulated outflow from the N-aquifer to Moenkopi Wash west of Black Mesa where the aquifer 
is unconfined would decrease 1 to 2 percent between 1965 and 2052 regardless of the pumping scenario 
therefore this decrease is not mining related.  Outflow from the N-Aquifer to the springs in Pasture Canyon 
would not be affected by mining related withdrawals of water.  No material damage to spring discharge to the 
hydrological balance is projected to occur for N-aquifer spring discharge” (OSM-CHIA 1989: 7-4, 7-5).  As has 
been shown, the 26% decline in discharge from Moenkopi School Spring (1) exceeds the CHIA threshold, (2) 
has a strong (indirect) linear relationship with mining withdrawals (r = -0.84; R2 = 0.71; p < 0.0001), and (3) has 
no statistically significant relationship with municipal withdrawals or precipitation.  The 1988 simulations used 
in OSM’s 1989 CHIA—which were subsequently tested, invalidated, refined, and discarded by the USGS 
(Sottilare et al. 1992; Littin and Monroe 1995; Littin and Monroe 1997; Thomas 2002)—are the only 
“evidence” that the mine is not influencing declining spring discharge in this area. 



 
 

362 
 

This significance of this “lack of data” is most easily understood when considering the 

basic components of the N-aquifer’s water-budget: USGS has estimated recharge as high as 

16,000 af/y (Eychaner 1983) and as low as 2,500 af/y (Lopes and Hoffman 1997); the 

overlying D-aquifer had never been monitored; and discharge has never been estimated 

(Brown and Eychaner 1988).  In short, inflow, flow, and outflow were poorly understood. 

In 1993, the USGS affirmed EPA’s perspective: “the model is not sufficient to answer 

the concerns of the Hopi regarding adverse local, short-term impacts on wetlands, riparian 

wildlife habitat, and spring flow at individual springs” (Nichols 1993, in Whiteley and 

Masayesva 1998).  By 2002, USGS concluded that recharge, leakage, and discharge needed 

further investigation before investing more time refining the model (Thomas 2002). 

Despite these arguments, OSM maintained that model-simulations provide sufficient 

evidence that material damage has not occurred112.  The agency bolstered this conclusion 

with the argument that (1) industrial withdrawals account for merely one-third of the 

estimated annual recharge, (2) combined industrial and municipal withdrawals comprise only 

one-half of annual recharge, and thus (3) the magnitude of industrial pumpage could not 

create adverse impacts113

                                                 
112  Principle of Groundwater Development: Groundwater models are inherently uncertain, are highly subjective, and 
their predictive reliability is always to be questioned.  They expose uncertainties and reveal conceptual errors — 
simulations that match observations are not proof of the absence of error.  Understanding of groundwater 
systems increases only when models are tested, falsified, refined, and evolve over time as more accurate 
representations of the system (See chapters 4 and 5 for detailed explanation and literature review). 

: “The impacts projected from the N-aquifer simulation are 

 
113  Principle of Groundwater Development: Given the principle of Superposition, recharge is irrelevant in 
determining sustainable rates of groundwater development.  Over the long-term, any groundwater withdrawals 
can deplete discharge from an aquifer: undesired capture (decreased discharge) can occur at very low 
withdrawal rates.  Streams, springs, and wetlands can be depleted long before the rate of withdrawal reaches the 
rate of recharge (The time it takes for withdrawals to affect discharge locations depends upon aquifer 
diffusivity: a function of transmissivity, storage coefficient, and distance). See chapters 4 and 5 in Part I for 
further explanation and literature review. 
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overestimated… at no time does the total withdrawal from the system exceed the recharge 

to the system” (OSM-EIS 1990: IV-24; also in OSM-CHIA 1989; OSM 2006).   

Despite USGS and EPA objections, OSM has consistently argued that the model 

simulations represent actual conditions114, has attributed the declining water-levels and 

discharge rates to increasing municipal pumpage or drought conditions, and has never called 

for any investigation into trends that could be related to mining activities115

The results of this postaudit demonstrate that the USGS model (as excerpted from 

Brown and Eychaner (1988) by OSM for use in the 1990 EIS and 1989 CHIA studies) did 

not predict water levels or spring discharge rates with any appreciable level of accuracy.  

Where the water-level decline was believed to be caused by industrial withdrawals, drawdown 

was underestimated by 56% at BM2 (southeast of Kayenta), 65% at Forest Lake, and 97% at 

Pinon.  Where the predicted water-level decline was believed to be caused by municipal 

withdrawals, total drawdown was overestimated 112% (Kykotsmovi  PM1) and 41% 

(Kykotsmovi PM2).   

 (OSM 2006, 

2005, 2004, 2000, 1998; OSM-EIS 2006, 2008; OSM-CHIA 2008; WEHE 2009). 

More interestingly, water level-decline at Tuba City was overestimated by 44% in the 

three NTUA wells, 103% in the three BIA wells, and by 73% in the six combined NTUA 

and BIA wells.  These overestimations should correlate with equivalent overestimation in 
                                                 
114  Pathology component: Development is perceived as successful, initially; managers become increasingly rigid, 
myopic, and shift focus from ecological oversight to operational efficiency: why monitor a success? (See Appendix 
B). 
 
115  Pathology component: Because determining causality is extremely difficult and may be cost and time-
prohibitive, deterministic models are used to inform management decisions. If simulations differ from 
observations, any observed changes may be attributed to natural-variability or to sources unrelated to 
development.  It is here that the linear logic upon which the development was originally justified is now 
abandoned and complexity is invoked: “numerous variables could be attributed to these changes: correlation is 
not causation”. (See Appendix B). 
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nearby spring discharge, which the model predicted at only 1-2% decline (and was attributed 

entirely too municipal withdrawals).  However, Moenkopi Schools Spring declined by more 

than 26%, Burro Spring by more than 27%, and Pasture Canyon Spring by more than 7%.  

Thus, the model failed to capture the linear relationship between water-level and discharge. 

This postaudit also demonstrated that the actual rate of municipal withdrawals from the 

Tuba City well system was approximately 3,000 acre-feet less than the model simulated for 

the Tuba City area (11% less), and thus the large decline in spring discharge cannot be 

attributed to “increasing” municipal withdrawals116.  As well, the relationship between 

discharge at Moenkopi School Spring and precipitation at Tuba City is not statistically 

significant117

In the context of the model predictions as expressed in the 1990 EIS and 1989 CHIA, 

the mine’s effects were underestimated (effects from private interests); the municipalities 

effects were overestimated (effects of the collective public); the linear relationship between 

water-level and spring discharge was not accurately represented; and while industrial 

withdrawals were reduced one year ahead of schedule (providing the aquifer with an extra 

year of recovery compared to simulations), the predicted recovery to 1985 water-levels 

(expected to occur by 2009) has not occurred at all.  As of March 2010, most N-aquifer wells 

continue to decline

 (R2 = 0.19; p = 0.07).  

118

                                                 
116   Nor does the model’s 11% overestimation of Tuba City withdrawals correlate with the vastly overestimated 
water-level decline in the region (44% in the three NTUA wells, 103% at the three BIA wells, or 73% in six 
combined NTUA and BIA wells). 

. 

 
117  Peabody consultants also found no direct linear relationship between precipitation and discharge in the 
Tuba City/Moenkopi area (HSIGeoTrans and WEHE 1999). 
 
118  Principle of Groundwater Development: Monitoring to prevent adverse impacts may not be possible: there is a 
long time-lag between reducing the stress on a system and the reduction of impacts observed at discharge sites; 



 
 

365 
 

The Peabody Model 

 

According to Peabody (2002) and their environmental consultants (HSIGeoTrans & 

WEHE 1999), the Peabody groundwater model is the most sophisticated and realistic 

conceptualization of the N-aquifer to date; it incorporates new hydrogeological components 

and behaviors that have not been included in prior models.  Most significantly, the 

remarkably complex recharge estimate is reported to be more representative of actual 

conditions119

However, further reading of the model report reveals that all of the model’s hydrological 

and geological information came from prior models and their sources; the recharge 

estimation method did not work and a discharge estimate was not attempted (i.e. the water-

budget remains poorly understood); the spatial extent of the model grew by more than 2,000 

square miles; the overlying D-aquifer was integrated into the N-aquifer and thus its storage 

more than doubled to 400 million acre-feet.  However, despite the significance of these 

conceptual differences and vastly different parameter values, the Peabody model’s simulation 

results are the same as the USGS model (HSIGeoTrans & WEHE 1999). 

 and more accurately addresses biological and physical variables (pp. 1-4, 4-24, 

and 4-25). 

                                                                                                                                                 
maximum impacts may be larger than and will occur after those observed at the time the pumping-stress was 
reduced; and it will take a very long time for the system to return to pre-development conditions after pumping 
ceases (See chapters 4 and 5 for detailed explanation and literature review). 
 
119 Principle of Groundwater Development: Given the principle of Superposition, recharge is irrelevant in determining 
sustainable rates of groundwater development.  Over the long-term, any groundwater withdrawals can deplete 
discharge from an aquifer: undesired capture (decreased discharge) can occur at very low withdrawal rates.  
Streams, springs, and wetlands can be depleted long before the rate of withdrawal reaches the rate of recharge 
(The time it takes for withdrawals to affect discharge locations depends upon aquifer diffusivity: a function of 
transmissivity, storage coefficient, and distance). (See chapters 4 and 5 for detailed explanation and literature 
review). 
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Regulatory Application of the Peabody Model 

 

The Peabody model was calibrated, its “predictions were also validated120 ” (OSM-CHIA 

2008: 55), and the model was accepted121 as a reliable predictor of future N-aquifer 

conditions122

The findings of this postaudit do not support OSM’s model-based conclusions

 (OSM-EIS 2006, 2008; OSM-CHIA 2008: HSIGeoTrans and WEHE 1999; 

GeoTrans 2005).  Reportedly, declining trends are caused by municipal withdrawals or 

drought conditions.  Mine-related effects occur only in the central portion of the confined 

area; effects in the unconfined portion of the aquifer are “imperceptible”, and at the 

communities of Tuba City and Moenkopi they are “zero” (OSM-EIS 2006, 2008; OSM-

CHIA 2008; OSM 2006; HSIGeoTrans and WEHE 1999). 

123

                                                 
120 Principle of Groundwater Development: Three distinct processes are required to test the accuracy of groundwater 
models: calibration (i.e. forcing the model to match past and current conditions by changing parameter values), 
verification (that calibration was successful), and validation (i.e. postaudit of model predictions). A postaudit 
must be performed if validation is understood to mean that the model can reliably make long-term predictions.  
From a scientific standpoint, a groundwater model cannot be “validated” because an accurate model requires 
accurate and complete data and field characterization, which are always incomplete, and accurate knowledge of 
future stressors, which is always unobtainable (See chapters 4 and 5 for detailed explanation and literature 
review). 

.  

Moenkopi School Spring is located near the Hopi village of Lower Moenkopi, along 

 
121 Principle of Groundwater Development: Acceptance of a groundwater model should be based upon the strength 
and number of observations that confirm the accuracy of its simulations over time (See chapters 4 and 5 for 
detailed explanation and literature review). 
 
122 Principle of Groundwater Development: Testing simulation accuracy soon after the model was calibrated will 
generate the misperception that the model has accurately predicted the current behavior (this is the verification 
process, no validation). In actuality, this testing expresses the “forced empirical accuracy” of calibration, no 
prediction accuracy. To date, documented postaudits demonstrate that long-term model-predictions are 
generally unreliable (See chapters 4 and 5 for detailed explanation and literature review). 
 
123  Principle of Groundwater Development: Groundwater models are inherently uncertain, are highly subjective, and 
their predictive reliability is always to be questioned.  They expose uncertainties and reveal conceptual errors — 
simulations that match observations are not proof of the absence of error.  Understanding of groundwater 
systems increases only when models are tested, falsified, refined, and evolve over time as more accurate 
representations of the system (See chapters 4 and 5 for detailed explanation and literature review). 
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Moenkopi Wash, approximately 60 miles from the Peabody lease-area in the unconfined 

portion of the N-aquifer.  Regression analysis demonstrated a strong (indirect) linear 

relationship between discharge from Moenkopi School Spring and industrial withdrawals124

Simultaneously, the relationship between discharge from Moenkopi School Spring and 

municipal withdrawals from the Tuba City well system is weak: r = -0.31; R2 = 0.10 (p = 0.24: 

a statistically insignificant relationship).  It was also shown that precipitation has no 

statistically significant relationship with spring discharge in the Tuba City/Moenkopi area. 

: 

that is, as industrial withdrawals increase, discharge from Moenkopi School Spring decreases 

(r = -0.84; R2 = 0.71; p < 0.0001).  This is a strong, statistically significant relationship. 

The Peabody model asserts questionable conclusions regarding the mine’s influence on 

the community of Kayenta, north of the Peabody lease-area.  Kayenta is approximately 16 

miles from Peabody NAV8.  There are reportedly no significant hydrogeological formations 

that would impede groundwater flow between the mine and Kayenta, and the Peabody 

model provides no empirical evidence to support the claim that 87% of the drawdown in 

well BM3 (at Kayenta) is caused by municipal withdrawals.  Moreover, BM2 is the same 

distance from the mine, is approximately 7 miles southeast of BM3, is not affected by 

municipal withdrawals, but has only 14 ft less drawdown than BM3.  Finally, BM6 is the 

same distance from the mine as BM3, is not affected by municipal withdrawals, and has 56 ft 

more drawdown than BM3.   

                                                                                                                                                 
 
124 Principle of Groundwater Development: Over the long-term, any groundwater withdrawals can deplete discharge 
from an aquifer: undesired capture (decreased discharge) can occur at very low withdrawal rates.  Streams, 
springs, and wetlands can be depleted long before the rate of withdrawal reaches the rate of recharge (The time 
it takes for withdrawals to affect discharge locations depends upon aquifer diffusivity: a function of 
transmissivity, storage coefficient, and distance). (See chapters 4 and 5 for detailed explanation and literature 
review). 



 
 

368 
 

While the Peabody model report includes numerous problematic statements, OSM’s 

assertions regarding maximum drawdown (occurring in 2006), rising water-levels (since 

2006), and maintained saturated thicknesses throughout the confined portion of the aquifer 

are alarmingly troublesome.  OSM explains:   

 

Pumping of the confined N-Aquifer system by PWCC has reduced the 
potentiometric surface but could not cause material damage, because PWCC’s 
Maximum drawdown impact occurred in 2006.  PWCC reduced its rate of N-
Aquifer pumping by approximately 70% at the end of 2005.  Water levels in the 
N-Aquifer system are currently recovering.  When maximum decline occurred in 
2006, the N-aquifer remained completely saturated with substantial pressure 
head.  Model results and ongoing monitoring demonstrate that there is and will 
be no impairment to the use of N-aquifer from PWCC pumping… Because no 
material damage has occurred to date and the confined N-aquifer water levels are 
now rising due to significant reduction in PWCC pumping, material damage has 
been prevented… OSM knows of no aquifers like N-Aquifer that have 
experienced any structural instability due to groundwater pumping.  And now 
that N-Aquifer is recovering from past higher pumping rates, with no 
documented instability, future structural impacts are even less likely than they 
were previously. (OSM-CHIA 2008: 71)  

 

Maximum decline did not occur in 2006; in fact, as of March 2010, most N-aquifer wells 

continue to decline — maximum decline has not yet occurred125

Figure 91 illustrates the locations of the Peabody well-field, the USGS observations wells 

(BM1-BM6), and numerous NTUA and BIA wells.  Figure 92 provides the water-level 

record for the six USGS wells, and Figure 93 provides the record for five NTUA / BIA 

wells.  

.   

                                                 
125 Principle of Groundwater Development: There is a long time-lag between reducing the stress on a system and the 
reduction of impacts observed at discharge sites; maximum impacts may be larger than and will occur after 
those observed at the time the pumping-stress was reduced, and it will take a very long time for the system to 
return to pre-development conditions after pumping ceases (See chapters 4 and 5 for detailed explanation and 
literature review). 
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Only BM6, the well closest to the Peabody well-field and in the immediate path of 

primary flow from the recharge area (Shonto) to the discharge area, signals recovery.  BM5 

may be trending toward recovery, but it is too early to make this determination with the 

current information.  Moreover, if the well is beginning to recovery, the difference between 

the recovery time in BM5 and BM6 illustrates the recovery time-lag over this short distance.  

All other USGS wells continue declining trends. 

Longhouse Valley and Shonto Southeast, northwest of the well-field, and Sweetwater 

Mesa and BM2, west and northwest of the well-field, are continuing declining trends. 

Tuba City 3K-325 remains variable within ±5 ft, and Goldtooth expresses a slightly 

decreasing trend; both wells express the 1985 “recovery” bump identified earlier. 

Figure 90. Map of Black Mesa, Peabody lease-area, and select N-aquifer wells. 
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BM1     BM2 

  
 

BM3     BM4 

  
 

BM5     BM6 

  
Figure 91. Water Level Data for USGS wells BM1–BM6 (BMMP 2010) 
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Longhouse Valley            Shonto Southeast 

  
 

 

Sweetwater Mesa      Tuba City 3K-325          

  
 

         Goldtooth 

    
Figure 92. Water Level Data for Five NTUA/BIA Wells (BMMP 2010) 
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Eradication of Declining Trends 

 

While the strength and number of observations that disconfirm model predictions is the 

most apparent aspect of this case study126

According to OSM, the CHIA criteria were established "as a means of keeping the big 

picture of hydrologic impacts before the regulatory authority at all times, so that if the 

accumulated impacts reach potentially damaging magnitudes, they can be dealt with in a 

timely

, it is the manner in which these observations were 

acknowledged by the Regulatory Authority that is it’s most instructive.   

127

In 2008, the agency released a new CHIA for the Black Mesa complex, arguing that new 

information and understanding of the N-aquifer warranted the changes (OSM-CHIA 2008: 

2-3).  Accompanying this new understanding, the definition for material damage had changed 

from “adverse impacts” (OSM-CHIA 1989: 5-1) to “permanent destruction” or “long-term 

contamination” of the N-aquifer caused by mining (OSM-CHIA 2008: 2).   

 manner ” (OSM 1985).  Twenty years after OSM implemented these criteria for the 

N-aquifer, three issues were apparent: (1) the criterion for spring discharge had been crossed; 

(2) the criterion for structural stability had been crossed; and (3) the criteria for water quality 

and discharge to streams had never been evaluated using OSM’s original methods. 

Further, the criteria for evaluating material damage were changed.   

                                                 
126 Principle of Groundwater Development: Acceptance of a groundwater model should be based upon the strength 
and number of observations that confirm the accuracy of simulation predictions (See chapters 4 and 5 for 
detailed explanation and literature review). 
 
127 Principle of Groundwater Development: Monitoring to prevent adverse impacts may not be possible: there is a 
long time-lag between reducing the stress on a system and the reduction of impacts observed at discharge sites; 
maximum impacts may be larger than and will occur after those observed at the time the pumping-stress was 
reduced; and it will take a very long time for the system to return to pre-development conditions after pumping 
ceases (See chapters 4 and 5 for detailed explanation and literature review). 
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No criterion for structural stability will be enforced.  As a consequence, the decline of 

water-level to below the top of the N-aquifer Kayenta cannot be attributed to the mine 

(OSM-CHIA 2008: 71-88). 

No criterion for water quality will be enforced outside of the Peabody leasehold (OSM-

CHIA 2008: 71-88).  As a consequence, trends at Keams Canyon PM2 and Rough Rock 

PM5 cannot be attributed to the mine, even though the model demonstrates that 24% of the 

impacts at Keams Canyon are from mining activities (HSIGeoTrans and WEHE 1999: 7-7).  

The criterion for spring-discharge was moved from the groundwater impact area and 

placed in the surface-water impact area, which was reduced by 92%.  As a consequence, 

declines at Moenkopi School Spring (26%) and Pasture Canyon Spring (7%) cannot be 

attributed to the mine.  Despite the relationship between Moenkopi School Spring discharge 

and industrial withdrawals (r = -0.84; R2 = 0.71; p < 0.0001), OSM implores “Because 

springs in the vicinity of Tuba City and Moenkopi area lie considerably outside of the 

confined region of N-aquifer, there have been and will be no impacts to these springs 

attributable to mining” (OSM-CHIA 2008: 86). 

Only Burro Spring (no statistically significant trend despite its 27% decline) remains in 

the new impact area.  For material damage to occur, a 10% decline (caused by the mine, as 

determined by OSM) must continue for 10 consecutive years. Furthermore, “The PWCC 

model will be used for this purpose instead of direct measurements128

                                                 
128  Principle of Groundwater Development: Groundwater models are inherently uncertain, are highly subjective, and 
their predictive reliability is always to be questioned.  They expose uncertainties and reveal conceptual errors — 
simulations that match observations are not proof of the absence of error.  Understanding of groundwater 
systems increases only when models are tested, falsified, refined, and evolve over time as more accurate 
representations of the system (See chapters 4 and 5 for detailed explanation and literature review). 

 partly because only 

one N-aquifer spring (Burro Spring) within the [cumulative impact area] is consistently gaged 
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[sic] and data from this spring indicate that there has been no statistically significant impact 

from PWCC pumping” (OSM-CHIA 2008: 87).   

Given OSM’s discretionary authority, the trends identified in this study (which conflict 

with OSM’s predetermined conclusions regarding material damage) have been extirpated 

from regulatory purview129

 

.  The remaining (revised) criteria will continue to be evaluated, 

but they have acquired insurmountable damage thresholds, and the determination of 

Peabody’s impact on these criteria will be based upon groundwater model simulations 

generated by Peabody.   

Validity of the Peabody Model 

 

Peabody consultants (HSIGeoTrans and WEHE 1999; GeoTrans 2005) and Federal 

Regulatory Authority (OSM-EIS 2006, 2008; OSM-CHIA 2008) claim that the Peabody 

model was validated130

                                                 
129  Pathology component: When assumptions or predictions are debunked, the assessors may change their 
arguments.  As evidence of unanticipated change accumulates, agency scientists (supporting politicized 
leadership) or environmental consultants (hired by development proponents) may update an existing model or 
create a new one (political and economic power is used to promote the unlimited exploitation of natural resources). This 
sequence recycles back to the beginning of the pathology: Conceptualizing the Ecosystem… development is perceived as 
successful, initially. (see Appendix B for more thorough explanation and literature review). 

 and accepted to reliably predict future conditions of the N-aquifer.  

This conclusion was based upon the successful calibration of five different versions of the 

 
130 Principle of Groundwater Development: A postaudit must be performed if validation is understood to mean that 
the model can reliably make long-term predictions.  From a scientific standpoint, a groundwater model cannot 
be “validated” because an accurate model requires accurate and complete data and field characterization, which 
are always incomplete, and accurate knowledge of future stressors, which is always unobtainable (See chapters 4 
and 5 for detailed explanation and literature review). 
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model — three versions using different recharge rates (17,700 af/y, the “base case” model; 

11,000 af/y; and 5,000 af/y), two using different discharge rates.   

However, the conceptual accuracy and predictive reliability of Peabody’s $3 million 

groundwater model is highly questionable.  Because the recharge estimation method did not 

work, inflow is uncertain (pp.5-1, 5-12, 5-48, 5-24, 5-65).  Because leakage from the 

overlying D-aquifer into the N-aquifer has never been ascertained, flow between the aquifers 

is uncertain (p. 1-11).  Because a discharge estimate for the N-aquifer was not attempted (p. 

5-24) — given that spring discharge is not well known (p. 4-42), stream discharge is not well 

known (p. 4-43), evapotranspiration is not well known (p. 5-24), and given that reliable 

measurements are difficult, expensive, and unfeasible to obtain (p. 5-1, 5-24, 5-6) — outflow 

is unknown131

Moreover, the model cannot accurately simulate discharge from springs (p. 5-23); it 

cannot accurately simulate discharge into Moenkopi Wash

.   

132

                                                 
131   It should be acknowledged that the inadequacy of discharge data was nearly equally inadequate in 1964 
when Peabody proposed to pump groundwater from the N-aquifer.  Since that time, Peabody—now the 
world’s largest private-sector coal company—made no effort to improve this deficiency. And although 
Peabody invested $3 million in its groundwater model (HSIGeoTrans and WEHE 1999; WEHE 2010) and 
produced a promotional video of its Black Mesa operations (Peabody 2002: The Miracle on Black Mesa), Peabody 
describes the acquisition of N-aquifer discharge data as expensive and unfeasible to obtain (pp. 5-61, 5-24).  
Peabody has actually catalogued a great deal of information regarding discharge locations although it has never 
attempted to measure the parameter; this catalogue includes the following information. Springs: 634 springs are 
catalogued in the Peabody database; 419 occur within the model boundary; 110 are associated with the N-
aquifer; 70 have been measured for discharge; 21 have been measured more than once but the measurement 
stations were temporary.  The USGS has monitored 3 or 4 N-aquifer springs since 1982, but measurements 
have occurred sporadically and during different seasons (pp. 4-42 and 5-21). As such, “A regional scale model 
cannot currently be developed for the basin that will accurately predict impacts of pumping on individual 
springs” (p. 5-23).  N-aquifer discharge to washes: the volumetric rate is not well known (p. 4-43).   
Evapotranspiration: “Measurement of ET rates requires considerable instrumentation and collection of large 
amounts of data.  As a result, measurements of ET rates are few, and tend to be more available for areas where 
ET is a significant process than for areas where ET rates are low” (p. 4-44). 

 (p. 5-52); and it cannot 

accurately predict spring or stream discharge near Tuba City or Pasture Canyon (p.5-52).   

 
132 The N-aquifer’s highest area of discharge is into Moenkopi Wash (Brown and Eychaner 1988). 
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Finally, the Peabody model could not be successfully calibrated—and this it could not be 

successfully validated—without the introduction of four geological formations that do not 

exist in the N-aquifer (p. 5-36. 5-38). 

 

* 

 

Permitting of federal projects is predicated upon deterministic studies that elucidate the 

potential impacts that could occur in response to development.  However, the substance of 

this policy is undermined by legal ambiguity; its requirements are methodological inadequate; 

its implication of scientific consensus is delusory; and its discretionary subjectivity may be 

obscured by non-transparency, complex modeling, and a technical vernacular.   

When resource managers reject new information because it conflicts with established 

norms, or private interests suppress or campaign to invalidate new information because it 

threatens potential revenues, or regulators ignore new information in support of politicized 

leadership, or technological experts summarily dismiss local knowledge as folkloric ignorance, 

then the status quo of sustainable development and ecosystem management has been 

maintained.  With a commitment to uninterrupted development, natural resources continue 

to be overexploited, species continue to be lost, and coupled human-and-natural systems 

continue to drift toward collapse (IPCC 2007; MEA 2005; Bates et al. 2008; Berkes et a. 

2003; Walker and Scott 2006; Bradshaw and Borchers 2000; Gunderson et al. 1995; Ludwig 

et al. 1993).  

Rather than evaluating new information to enhance groundwater management at Black 

Mesa, this study found the Regulatory Authority consistently rationalizing the negation of 



 
 

377 
 

new, pertinent information in order to support preexisting conclusions and development 

plans.  There is no substantive evidence that would lead to the conclusion that the goal of 

the Regulatory Authority has ever been to protect the groundwater resources in the N-

aquifer.  To the contrary, the collective actions of OSM—the federal guardian of long-term 

tribal interests—reinforce the argument that the legislatively required process for 

determining the significance of environmental impacts is an “elaborate ritual” (Wynne 2009) 

in which a manifestly political decision is disguised as unbiased scientific fact.   
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Postscript: OSM Violated NEPA, Permit Vacated (2010) 

 

In December 2008, members of the Hopi Tribe and Diné Nation met with officials from 

the OSM in Denver, Colorado, to voice their opposition to the forthcoming decision on the 

2008 Final EIS.  A unified statement from the tribes explained: 

 

Although we represent two different tribes, we come today united to protect our 
shared land and water.  Water is the life source to both our peoples, and Peabody 
has failed to understand this connection.  If the Office of Surface Mining grants 
a permit to Peabody, our way of life and spiritual balance will be severely 
disrupted and altered. Currently, we are already suffering the damage this 
industry has caused over the past 30 years. We believe OSM has been negligent 
in fulfilling the NEPA process, and if OSM issues a Record of Decision, that 
would be a breach of the Federal Trust Responsibility. United we ask the Office 
of Surface Mining to stop the Record of Decision process. (quoted in Norrell 
2008) 

 

Allen Klein, Director of OSM’s Western Region office, responded, “The Environmental 

Impact Statement is finalized, the decision before us is very minor, and we are on track to 

release it on December 15” (quoted in Norrell 2008). Peabody was granted its permit on 22 

December 2008.  The new CHIA was released five days later. 

Thirteen months later (January 2010), Judge Robert G. Holt of the Department of 

Interior’s Office of Hearings and Appeals, vacated Peabody’s permit, explaining “OSM 

violated NEPA by not preparing a supplemental draft environmental impact statement (EIS) 

when Peabody changed the proposed action” (quoted in Indian Country Today 2010).   

Further, the original construction plans that were proposed in support of Peabody’s 

coal-supply to the Mohave Generating Stations (the former preferred alternative ‘A’) had not 
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been entirely abandoned, and the Final EIS “left the impression that the proposed action 

would have significantly less impact” (Indian Country Today 2010).   

At the time this case study was completed (May 2010), OSM was preparing a 

supplemental EIS reporting on the effected environment and the potential impacts that may 

result from current activities.  The Hopi Tribe expects that the decision on the supplemental 

EIS will have no effect on the mine’s operations (Indian Country Today 2010). 
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APPENDIX A:  BLACK MESA HYDROGEOLOGICAL STUDIES 

 
Environmental Impact Statements 

Because the National Environmental Policy Act of 1969 (NEPA) was signed after coal 

mining commenced on Black Mesa in 1968, the project’s first NEPA-related studies were 

conducted in 1971 and 1972.  Both the Draft and Final “Environmental Statements” were 

conducted by the Bureau of Reclamation (USBR 1971, 1972).  After passage of the Surface 

Mining Control and Reclamation Act of 1977, The Office of Surface Mining Reclamation and 

Enforcement (OSM) conducted all EIS (OSM-EIS 1989, 1990, 2006, 2008).   

 

Cumulative Hydrologic Impact Assessments   

OSMRE developed the original Cumulative Hydrologic Impact Assessment (CHIA) as a 

measure for ascertaining whether or not material damage to the N-Aquifer has occurred in 

response to coal mining (OSM-CHIA 1989); the CHIA was summarized in a 1990 Final EIS 

which proposed to expand mining and requested a life-of-mine permit (OSM-EIS 1990).  In 

December 2008, OSM released a new CHIA which superseded the 1989 CHIA (OSM-

CHIA 2008) 

 

Geo-hydrological Dynamics 

Relatively few interpretive studies of Black Mesa’s hydrologic dynamics exist.  However, 

the US Geological Survey has provided some excellent studies dating to 1969.  Stetson 

(1966) conducted a feasibility study for mining on Black Mesa for Peabody, predicting no 

effect to the N-aquifer following 30 years of industrial pumping at 3,200 af/y.  Cooley et al. 
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(1969) offered a more thorough hydrogeological evaluation and a good baseline for chemical 

quality.  Eychaner (1983) developed the highly referenced two-dimensional numerical model 

of ground-water flow in the N-aquifer that estimated recharge at 13,000-16,000 af/y.  Brown 

and Eychaner (1988) recalibrated this model, creating a finer grid and revised estimates of 

primary hydrological characteristics.  Peabody hired GeoTrans (1987) to develop a two-

dimensional model, and HSIGeoTrans & Waterstone Environmental Hydrology and 

Engineering (1999) developed a three-dimensional model of both the D- and N-aquifers; 

this model incorporated new hydrologic components that had not previously been 

incorporated into the N-Aquifer water budget, greatly increasing the amount of available 

recharge.   

 

Groundwater age and chemistry 

Kister and Hatchett (1963) made the first comprehensive evaluation of the water 

chemistry from wells, springs, and seeps near Black Mesa.  HSIGeoTrans (1993) evaluated 

the isotopic chemistry of the D- and N-aquifers.  Lopes and Hoffmann (1997) analyzed 

ground-water ages, hydraulic conductivity, and recharge using geochemical techniques; this 

study provided an updated recharge estimate of 2,500-3,500 af/y, in comparison to 

Eychaner’s (1983) estimate of 13,000-16,000 af/y.  Zhu et al. (1998) used isotopic data for 

recharge and flow estimates using the HSIGeoTrans (1987) model.  Zhu (2000) re-estimated 

recharge adding numerical-flow and transport modeling methods.  Truini and Longsworth 

(2003) assessed the hydrogeology of the D-aquifer, as well as ground-water movement and 

age using geochemical and isotopic analyses.  
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Stream-discharge & water quality 

Moenkopi Wash—the western-most wash in the study area, downstream from the mine 

lease area—has periodic stream-discharge dating back to the early 1960s (USGS 1963–64a, b; 

1965–74a, b; and 1976–83). Moenkopi, Laguna, and Dinnebito stream-discharge data from 

water-years 1983 to 2003 were collected by White and Garrett (1984, 1986, 1987, 1988), 

Wilson and Garrett (1988, 1989), Boner et al. (1989, 1990, 1991, 1992), Smith et al. (1993, 

1994, 1995, 1996, 1997), Tadayon et al. (1998, 1999, 2000, 2001), McCormack et al. (2002, 

2003), Fisk et al. (2004, 2005). 

 

Monitoring Reports 

Prior to the implementation of the USGS Black Mesa Monitoring Program in 1971, 

Davis et al. (1963) provided significant well and spring data for the Navajo and Hopi 

Reservations.  Since its inception, many progress reports on the monitoring program for the 

Black Mesa area have been prepared by USGS (U.S. Geological Survey, 1978; G.W. Hill, 

written communication, 1982, 1983; Hill 1985; Hill and Whetten 1986; Hill and Sottilare 

1987; Hart and Sottilare 1988, 1989; Sottilare 1992; Littin 1992, 1993; Littin and Monroe 

1995a, 1995b, 1996, 1997; Littin et al. 1999; Truini et al. 2000; Thomas and Truini, 2000; 

Thomas, 2002a, 2002b; Truini and Thomas 2004; Truini et al. 2005; Truini 2006; Truini and 

Macy 2007, Truini and Macy 2008; Macy 2009, 2010).   

 

Annual Evaluation of N-Aquifer Condition 

OSM provides a general synthesis of data from Peabody Energy (reports on the well-

field within the lease area) and the USGS monitoring reports (the entire Black Mesa area 
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outside of the Peabody well-field).  OSM’s synthesis report is the official status report of the 

N-aquifer.  While the report is described as an annual, numerous requests through the 

Freedom of Information Act, email, and phone calls to OSM have yielded only intermittent 

reports (OSM 1996, 1998, 2003, 2004, 2006). 

 

Other Studies 

In 1998, the Natural Resources Defense Council (NRDC) was approached by Black 

Mesa Trust, a Hopi directed grass-roots organization guided by former Hopi Tribal 

Chairman Vernon Masayesva, to assess the groundwater status at Black Mesa.  In 2000, 

NRDC released a report on groundwater depletion with recommendations pertaining to the 

government’s role in resolving the conflict (NRDC 2000).  In 2006, NRDC reevaluated and 

reaffirmed their findings (NRDC 2006).   

 

Key Respondent Interviews 

Discussions with numerous federal agents and organization officials were conducted 

between 2004 and 2010; no interviews were pursued or conducted with individual tribal 

members.  Meetings were held with tribal members working within their capacity as 

employees of the Hopi Department of Natural Resources or other professional 

organizations regarding Black Mesa Hydrogeology; no cultural or personal information was 

discussed, nor would it be relevant to this study133

                                                 
133  Meetings were held with hydrologists from the USGS Black Mesa Monitoring Program (Flagstaff); Grand 
Canyon Trust; Natural Resources Defense Council; Black Mesa Trust; Hopi Department of Water Resources; 
Arizona Ethnobotanical Research Association; The Center for Sustainable Environments at Northern Arizona 
University; and attorneys at the law firm of Squire, Sanders, & Dempsey in Phoenix, AZ. 

.  
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APPENDIX B:  THEORETICAL FRAMEWORK 

 
There are currently many plans for sustainable development that are founded 
upon scientific information and consensus. Such ideas reflect ignorance of the 
history of resource exploitation and misunderstanding of the possibility of 
achieving scientific consensus concerning resources and the environment. 
Although there is considerable variation in detail, there is remarkable consistency 
in the history of resource exploitation: resources are inevitably overexploited, 
often to the point of extinction or collapse…. Legislation concerning the 
environment often requires environmental or economic impact assessment 
before action is taken.  Such impact assessment is supposed to be based upon 
scientific consensus.  For the reasons given above, such consensus is seldom 
achieved, even after collapse of the resource.   

~ Ludwig, Hilborn, and Walters (1993) 
 
An ultimate pathology emerges when resource management agencies, through 
initial success with command and control, lose sight of their original purposes, 
eliminate research and monitoring, and focus on efficiency of control.  They then 
become isolated from the managed systems and inflexible in structure. 
Simultaneously, through overcapitalization, society becomes dependent upon 
command and control, demands it in greater intensity, and ignores the underlying 
ecological change or collapse that is developing.   

~ Holling and Meffe (1998) 
 

The theoretical framework for this case study draws from numerous disciplines and sub-

disciplines that contribute to social-ecological systems research, including science and 

technology studies, the ecological sciences, economics, complexity science, systems 

modeling, hydrogeology, political ecology, policy studies, social theory, institutional 

organization, the history and philosophy of science, and political ecology, among others.  All 

are built upon established theory in the natural, physical, and social sciences.   

This section explains the convergence of the bio-physical, political, economic, and social 

components that interact, adapt, evolve, and recycle as social-institutions become trapped by 

“pathological blocks” (Holling 2006) that prevent constructive change, and as natural 



 
 

385 
 

systems — wrested into the control of product-oriented management-conditions — become 

fixed upon parallel and increasingly vulnerable trajectories toward ecological crises.  These 

blocks to constructive change create dependencies upon continued resource exploitation, 

and dependence is an ecological-trap that trades the long-term resilience of ecosystems for 

short-term economic development (Holling 2006). 

Ludwig, Hilborn, and Walters (1993) illustrated the four consistent features that lead to 

the overexploitation of natural resources and the collapse of ecosystems.  These features 

explain the general disparity between the conventional method for “sustainable” 

development and the ecological realities that it conflicts with.   

Holling  (1986; 1995) revealed five evolutionary stages that social and ecological systems 

encounter where ecosystems are subjected to technological control.   

Into this aggregate of theoretical features and evolutionary stages are integrated the 

documented problems that are embedded within in the regulatory requirement for 

conducting environmental impact-assessments134

Collectively, the four features, five stages, and the problems in predetermining impacts 

comprise a theoretical framework which explains how the conventional approach for natural 

resource development fosters the status-quo and increases the risk of social-ecological 

degradation.    

.  

 

 

                                                 
134   These problems are more thoroughly reviewed in the section Predetermining Risk, Chapter 1, Part 1.  The 
impact assessment process is the same whether it’s performed to predict impacts on the environment, human 
health, water, etc. See O’Brien (2002) and Raffensperger and Tickner (1999). 
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Features of Natural Resource Overexploitation 

Three assumptions underlying the conventional approach to natural resource 

exploitation and ecosystem management: (1) humans can manage ecosystems by determining 

how much disturbance can be safely absorbed by the system; (2) once this “assimilative 

capacity” has been determined, we can design controls and impose exploitation limits to 

prevent crossing damage thresholds; and (3) monitoring will identify signals of unexpected 

change in time for management actions to prevent harm (Taylor and Humpstone 1973). 

However, influenced by the ideology of the early Industrial era, “Our traditional view of 

natural systems… might be less a meaningful reality than a perceptual convenience” (Holling 

1973).  These assumptions “reflect ignorance of the history of resource exploitation and 

misunderstanding of the possibility of achieving scientific consensus concerning resources 

and the environment” (Ludwig et al. 1993).    

Four consistent features of large-scale natural resource exploitation have been identified: 

 
1. Wealth, or the prospect of wealth, generates political and social power that is used to 

promote the unlimited exploitation of resources. 
 

2. Scientific understanding and consensus is hampered by the lack of controls and 
replicates so that each new problem involves learning about a new system. 
 

3. The complexity of the underlying biological and physical systems precludes a 
reductionistic approach to management.  Optimal levels of exploitation must be 
determined by trial and error. 
 

4. Large levels of natural variability mask the effects of overexploitation; initial 
overexploitation is not detectable until it is severe and often irreversible. 
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Stages of Regional Resource and Ecosystem Management 

The conventional approach to large-scale natural resource exploitation does not seek to 

elucidate the complexity of ecosystem dynamics; rather, it seeks to replicate an ecosystem by 

simplifying (reducing) its inherent complexity in order to ascertain the system’s general 

equilibrium, critical structuring variables, and maximum sustainable yield.   

This approach is founded upon the theory of successional dynamics.  The Succession 

Model, first articulated by Clements (1916; Figure 93, top chart, as it appeared in Westoby et 

al. 1989).  A single “climax” state is assumed to exist in the absence of grazing; succession 

towards this state is ongoing. Grazing pressures opposes progress toward climax; therefore, 

grazing pressure can be made equal to the successional tendency, resulting in a state of 

equilibrium between vegetation and grazing, and a predictable and consistent yield of 

livestock products.  Figure 93 (bottom chart; from Resilience Alliance 2009) is drawn from 

the s-shaped logistics equation.  The r-phase represents a resource’s rapid growth or 

accumulation phase; the K-phase represents the resource’s carrying capacity or maximum 

sustainable population size.  Within this transition from r to K, resource users assume that 

development-equilibrium can be achieved. 

In a comparison of twenty-three large-scale ecosystems subjected to human controls, 

Holling (1986) discovered a consistent pattern of exploitation-related stages as terrestrial 

ecosystems drift toward overexploitation or collapse.  The consistency of the pattern led to a 

fundamental “Pathology of regional resource and ecosystem management” (Holling 1986, 

1995; Holling and Meffe 1998; Holling and Gunderson 2002; Holling et al. 2002):   
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Figure 93. The Succession Model (Westoby et al. 1989; Resilience Alliance 2010) 
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1. New policies and development are perceived as successful, initially. 

2. Resource management agencies become increasingly rigid and myopic. 

3. Economic sectors become slavishly dependent. 

4. Ecosystems become increasingly more fragile. 

5. The public loses trust in governance. 

 

The stages have been attributed to errant implications of scientific consensus or certainty 

(Ludwig et al.1993), managerial rigidity (Holling 1986, 1995), inadequate regulatory policies 

(O’Brien 2002; Kraft 2006; Lindstrom and Smith 2001; Suskind et al. 2001), economic 

shortsightedness (Liu 2007; Ackerman and Heinzerling 2004), and political pressure 

(Pritchard and Sanderson 2002; Bradshaw and Borchers 2000).   

 

In each of these cases the goal of management was to stabilize production of 
food or fiber or to moderate extremes of drought or flood for economic or 
employment reasons. In each case the goal was successfully achieved by reducing 
natural variability of a critical structuring variable such as insect pests, forest fires, 
fish populations, water flow, or grazing pressure. The result was that the 
ecosystem evolved to become more spatially uniform, less functionally diverse, 
and thereby more sensitive to disturbances that otherwise could have been 
absorbed.  That is, ecological resilience shrank even though engineering resilience 
might have been great.  Short-term success in stabilizing production reduces 
natural variability, so that the stability landscape shifts and evolves to reduce its 
adaptive capacity.  Short-term success in optimizing production leads to long-
term surprise. (Holling and Gunderson 2002) 

 

Gunderson et al. (1995) expanded this investigation through numerous wetlands-case 

studies, including the Everglades (Light et al. 1995); the Columbia River (Lee 1995); the 

Chesapeake Bay (Costanza and Greer 1995); the Great Lakes (Francis and Regier 1995); and 

the Baltic Sea (Jansson and Velner 1995).  Each case study reflected the larger problem 
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underlying environmental crises worldwide: short-term management interventions initially 

seem appropriate, but because of (1) the inability to anticipate long-term problems; (2) the 

tendency to underestimate the significance of foreseeable short-term problems; or (3) 

inappropriate spatial and temporal scales were considered, short-term management actions 

customarily exacerbate the ecological crises experienced over the long-term (Schulze et al. 

1996; Cairns 1996; Holling and Gunderson 2002).    

This pathology triggered a paradigm shift in the natural resource and ecological sciences: 

the linear model of succession evolved new phases reflecting continuous change and 

adaptation; the four phases of the Adaptive Cycle135

                                                 
135 The r-to-K phase may be conceptualized as a succession sequence, an s-shaped growth curve, “from the 
initial few pioneers in the exploitation phase to the mature and complex community, such as a climax-forest in 
the conservation phase… followed by a change in the growth rate at the inflection point” (Berkes and Folke 
2002).  The system is increasingly fragile at this point.  This is followed with an intentional or unintentional 
disturbance event which may be either beneficial or detrimental to the system.  With disturbance, biomass, 
nutrients, and other accumulations (economic capital, human resources) are released (Ω), and thus leading into 
a phase or reorganization (α) which is the equivalent to the restructuring of industry following economic 
collapse.  

 include the growth or exploitation phase 

(r); conservation phase (K); collapse or release phase (Ω); and reorganization phase (α) 

(Resilience Alliance 2010; Figure 94).  From this new perspective, human systems are 

inextricably linked with natural systems.  Ecological change is not continuous, gradual, or 

chaotic; rather, it is episodic with periods of accumulation, release, and reorganization.  

Natural systems do not necessarily have a singular equilibrium; they may have multiple 

equilibria within functionally different states.  After a disturbance pressure is removed, they 

may not return to a former state; rather, because they self-regulate, modify, and change 

undetectably, they may never embody the same biophysical qualities that once characterized 
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the system.  “Ecological surprises” characterize the functionality and behavior of complex 

adaptive systems (Holling and Gunderson 2002; Jorgenson 1997; Holling et al 1998). 

 

 
Figure 94. The Adaptive Cycle (Resilience Alliance 2010). 

 

An extensive literature on ecological resilience, social-ecological systems, adaptive 

management, transformability, and adaptive capacity evolved around the new paradigm136

                                                 
136 A series of four texts set out to articulate the problems with conventional resource management, advance 
the new paradigm, and promote adaptive-management.  Holling’s (1978) Adaptive Environmental Assessment and 
Management articulates the limitations of conventional environmental impact assessment and redesigns a 
methodology for more sustainable, adaptive assessment making.  Underlying the treatise is the recognition that 
“one cannot validate [an ecological] model, but only invalidate it by exploring the implications of its 
assumptions and testing how far its predictions diverge from reality” (Holdgate 1978).   Walter’s (1986) Adaptive 
Management of Renewable Resources, the second in the series, “is becoming something of a classic in its description 
of brilliantly innovative quantitative methods for analyzing, designing, and monitoring actively adaptive 
resource management systems” (Gunderson et al. 1995).  The third, Lee’s (1993) Compass and Gyroscope: 
Integrating Science and Politics for the Environment discusses the political context of adaptive management 
approaches, emphasizing the criticality of a democratic process in which the general public must engage with 

.  



 
 

392 
 

This literature, however, generally assumes that resource management-practitioners are, 

despite their reluctance to abandon their respective norms and models of success, malleable 

to adopting new approaches; the problem resides in stimulating change and winning buy-in.  

It is here, within the social-ecological systems literature, that there exists a void.  The policy- 

and risk assessment-literature is robust with evidence that political and economic influences 

are highly proficient in obscuring the significance of ecological uncertainties, misrepresenting 

the predictive reliability of ecological models, and misleading public perception about the 

significance of potential impacts; these issues are generally taken up within various sub-

disciplines such as Political Ecology or Environmental Justice. 

                                                                                                                                                 
the ambiguity of environmental problems.  The fourth in the series, Gunderson, Holling, and Light’s (eds. 
1995) Barriers and Bridges: to the Renewal of Ecosystems and Institutions explores how ecosystems and institutions are 
structured and behave in order to illuminate the obstacles to adaptive learning.  Six case studies on ecosystem 
management and four essays on the history, problems, and design of adaptive methods make up the text.    

 
Three texts are core to understanding the problems with conventional resource exploitation and ecosystem 
management, the Adaptive Cycle concept, adaptive management, and social-ecological systems research.  
Foremost, Gunderson and Holling’s (eds. 2002) Panarchy: Understanding Transformations in Human and Natural 
Systems provides the most comprehensive overview of the shortcomings of the top-down management 
paradigm in contrast to the adaptive cycle, resilience management, and social-ecological paradigms; numerous 
authors illustrate and provide case studies on resilience, adaptability, and on the transformability of natural 
systems.  Berkes, Colding, and Folke’s (eds. 2003) Navigating Social-Ecological Systems: Building Resilience for 
Complexity and Change illustrates how societies deal with change in social-ecological systems and how they build 
capacity to adapt to change.  Berkes and Folke’s (eds. 1998) Linking Social and Ecological Systems: Management 
Practices and Social Mechanisms for Building Resilience examines and illuminates the problems of conventional natural 
resource exploitation and management, analyzes the linkages between social and ecological systems, and 
explains the essential responses to ecological change and the transmission of ecological knowledge.   

 
Finally, four texts focus specifically on the concept of ecological resilience and managing to maintain it.  
Gunderson and Pritchard’s (1995) Resilience and the Behavior of Large-Scale Systems refined the burgeoning theories 
of resilience and the adaptive cycle.  Walker and Salt’s (2006) Resilience Thinking: Sustaining Ecosystems and People in 
a Changing World uses five case studies to explain to a general audience how managing for ecological resilience 
differs from conventional methods and how communities ride the fence between resource management and 
crossing damage thresholds.  Perrings et al. (1995) Biodiversity Loss: Economic and Ecological Issues explains how the 
“sixth mass extinction on Earth” stems from the loss of ecological resilience; and Busch and Trexler’s (eds. 
2003) Monitoring Ecosystems: Interdisciplinary Approaches for Evaluation Ecoregional Initiatives is a synthesis of “lessons 
learned” about ecosystem monitoring and management intended to enable resource management practitioners 
to focus on system-specific questions and problems.   
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Vested power structures reconstruct and promote the rationale of command and control, 

invoking the rubric of progress via technological means.  An interdisciplinary Social-

Ecological Systems perspective is well suited to illustrate the consequent inequities that are 

reinforced between disparate social groups and the disproportionate privileging of economic 

development over ecological resilience.  Such an integrative perspective would contribute 

much to public understanding, policy, and sustainable development. 

 

Shortcomings in Environmental Policy 

The National Environmental Policy Act of 1968 was enacted in order to counter the 

consequences of unfettered economic growth by requiring federal agencies to consider 

impact assessments prior to issuing permits for development (CEQ 2007; Lindstrom and 

Smith 2001).  However, the conventional “predict-mitigate-implement” methodology used 

in the assessment process has generated a well documented and consistent series of 

procedural shortcomings137

 

 (these shortcomings are more thoroughly discussed in the 

section Predetermining Risk, Chapter 1, Part 1).  These include, but are not limited to:  

1. EIS may be created to benefit the proponent of the proposed development 
2. Impact assessors may experience pressure to use optimistic numbers 
3. Ecological assumptions may not be realistic 
4. EIS are not reproducible, lack transparency, and are not scientific studies 
5. Once permitted, there is no requirement to verify EIS data or validate EIS predictions 
6. When assumptions are debunked, the assessors may change their arguments 
 

                                                 
137   Key texts and articles that detail and explain these shortcomings include Ackerman and Heinzerling 2004; 
Lawrence 2003; O’Brien 2002; Holling and Gunderson 2002; Lindstrom and Smith 2001; Suskind and 
Martyniuk 2001; Bradshaw and Borchers 2000; Marriott 1997; Cantor 1996; Kraft 1996; Kreske 1996; Wynne 
1996; Ludwig et al. 1993; Rees 1985; Holling 1978; Berkes 1988; Culhane and Friesema 1978; Taylor and 
Humpstone 1973. 
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Collectively, the features, stages, and the problems in predetermining environmental 

impacts comprise a theoretical framework which explains how the conventional approach 

for sustainable natural resource exploitation fosters the status-quo and increases the risk of 

social-ecological degradation (Table 16).    
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Table 16. Theoretical Framework for the Black Mesa Case Study 
 

 
(continued) 
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Theoretical Framework for the Black Mesa Case Study (Continued) 
 

 
 

 



 
 

397 
 

APPENDIX C:  GROUNDWATER WITHDRAWALS, 1965-2008 

 

 
 

Total industrial and municipal groundwater withdrawals from the N-aquifer for the period 
1965 to 2008.  Withdrawal data from Macy (2010). 
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APPENDIX D:  2006 DRAFT EIS DISCLAIMER STATEMENT 

 

 

 
 

Cover and title page of OSM’s 2006 Draft Environmental Impact Statement, “Prepared by 
the Office of Surface Mining Reclamation and Enforcement”. Information regarding the 
company that prepared the document, URS, does not appear until the document’s 487th page 
(OSM-EIS 2006). 
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