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Abstract

Several recent papers deal with concerns about the longevity of the supply of the mineral
phosphorus. The paper by Edixhoven, Gupta, and Savanije (2014), for instance, expresses doubts
about whether the upward estimate of reserves by the IFDC (2006, 2010) and the USGS (2010)
provides an accurate, reliable, and comparable picture, as it is based on reports that do not clearly
differentiate between phosphate ore and phosphate products (i.e., marketable phosphate rock
concentrate). Further, the indistinct use of the terms reserves and resources is criticized. Edixhoven
et al. (2014) call for a differentiated inventory of world phosphate reserves including “guidelines
which determine the appropriate drill hole distances and a detailed granularity.” The claim that
“humanity is on the safe side” with respect to future phosphate supply is doubted, as the validity of
the IFDC’s upgrading of the Moroccan data to 50 Gt phosphate is questioned. The main

achievement ofby Edixhoven et al (2014) is to elearlypoint-outelaborate that in the literature

frequently data on phosphate rock ore and phosphate concentrate are not properly distinguished,
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resulting in incorrect summary figures. In addition, it is commendable to raise the guestion how

realistically-the-highest-transparency concerning reserve and resources data and information onf the

geopotential of phosphate can be achieved because phosphorus is a special element. As fertilizer, it

cannot be substituted and there are no unlimited resources as for the other fertiiizermain nutrients

elements-potassium in sea water and nitrogen in the air. However, the paper by Edixhoven et al.

(2014) contains in the opinion of the authors some incorrect statements which-we-wantto-comment

{20%4)—"The comment glaborates first that several statements, such as that the upgrading of the Formatted: Font: (Default) Times
New Roman, 12 pt

Moroccan data is “solely based” on one scientific paper, are incorrect. Secondly, the paper
comments on and illuminates a set of in our opinion misleading statements. These include the fact
that the dynamic nature of reserves (which depend on price, technology, innovation for exploiting
low-grade deposits, etc.) is acknowledged, but the right conclusions are not drawn, including the
mixing of finiteness and staticness, and the way in which the critique of the USGS upgrading of the
Moroccan reserves has been linked to Peak P. In particular, we clarify that reserves are primarily
company data that serve mining companies for their strategic planning and may, by no means, be
used as proxy data for providing global Peak P estimates. Likewise, we elaborate that drilling plans
for assessing reserves have to be adjusted to site characteristics, in particular, in the case of four
plateaus in Morocco and the Western Sahara comprising an area greater than 10,000 square km. We
reconstruct the IFDC and USGS estimates and conclude that there is no evidence for considering
the somewhat surprising increase to 50 Gt phosphate concentrate to be an unreasonable estimate for
Moroccan reserves. However, the partial mixing of different units (e.g., phosphate ore and
phosphate concentrate or marketable product) in the USGS data may be avoided by improving the
database and using proper conversion factors. When applying these factors and assessing all

reserves of marketable Gt of phosphate rock (PR-M), which is a common scale for measuring



annual consumption, the magnitude of the 2014 USGS estimates of 67 Gt PR reserves does not
change essentially but decreases from 64 (IFDC assessment) to 57.5 Gt PR-M (a worst-case
calculation). We agreeargue that a better harmonization of the (national) classification systems is
meaningful. The discussion includes several ideas and thoughts that go beyond the paper by
Edixhoven et al. (2014). We suggest that the discrepancies in the resource estimates are often
caused by missing system understandings, different conceptions of sciences, and diverging
worldviews. Finally, we suggest the establishment of a solidly funded, international standing

committee that regularly analyzes global geopotential for assuring long-term supply security.



1. Genesis, functions and (mis-)interpretation of reserves data

As the reader may already surmise from the volume, this paper is not a normal comment. It deals
with three types of comments and thoughts which emerged from the published version of the
Edixhoven et al. (2014) paper. Type 1 deals with some wrong, or in our opinion biased ané
uhreasoned-statements that are still being spread by the paper. The statement “The IFDC reserve
estimate for Morocco is solely based on Gharbi (1998).“ (Edixhoven et al., p.501) may serve as
example. Type 2 deals with a-set-effuzzy-and-misleading-statements-en-fundamental mistakes of the
use of reserves data. Here, we can take the statement “One point of criticism to the peak phosphorus
hypothesis is that the modeling was based essentially on PR estimates sourced from the Mrrineral
Ceommaodity Ssummaries (MCS) issued by the US Geological Survey (USGS)“ (ibid, 491) as
example. The Edixhoven paper misses to clarify that the use of reserve data (as a proxy for the
ultimate recoverable resource) for assessing global Peak P is not correcta-fundamental-seientific
error. Thus, the quoted sentence is misleading as it suggests the wrong interpretation that the
USGS’s estimates (which are criticized in the paper) are the cause of the critique efthe-eritigue-of
Peak P. Some Type 3 comments provide some reflections on why there are such amazingly
discrepant views on statements on reserves on phosphorus.

Prospective phosphorus management requires special attention because phosphorus is bio-
essential (i.e., unsubstitutable), the phosphorus cycles are of a dissipative nature (with the
consequence that the anthropogenic cycle is still causing critical eutrophication in aquatic systems),
and primary phosphate reserves are finite today, tomorrow, and in the distant future. Thus,
knowledge about the geopotential of phosphorus, as well as the prevention of non-functioning
markets, is an important factor for food security.

The introduction of Edixhoven et al. refers to the debate on “the longevity of mineable PR



deposits” and to “peak theory” (20145, p. 492). Then the paper also questions whether the update of
the Moroccan phosphate reserves by a factor of 10 to 50 Gt phosphate in 2010 (USGS, 2010) is a
mirage due to geostatistical substandard estimates, or a result of insufficient research based on
mixing basic measurement units, or not distinguishing marketable phosphate rock concentrate
(phosphate concentrate) from phosphate rock? To support distinction, we suggest to use the
abbreviation PR-M if we deal with marketable phosphate concentrate, PR-Ore if we report about
phosphate ore and PR when we refer to the data of U.S. Geological Survey Mineral Commodity
Summaries (USGS MCS). PR-M “varies in grade from less than 25% to over 37% P,0s5” (van
Kauwenbergh, 2010, p. 5). In gereralgeneral, 30% P,0s is taken as a base for conversion to PR-M.
Is the classification by the USGS sufficient for sustainable phosphorus management, or do we need
a highly disaggregated classification scheme with 10 or more categories? Are judgments that
humanity has a “high planning horizon” for phosphate rock reserves (Scholz & Wellmer, 2013)
unjustified, as there is “no independent and scientifically sound global inventory of PR deposits”
(Edixhoven, et al., 2014, p. 500)?

The Edixhoven et al. paper includes, r-eurepinion,-some statements that are in our opinion
unacceptable from a raw resources scientist’s, a system scientist’s, and a geostatistical modeling
perspective. The paper particularly insufficiently incorporates regulating economic mechanisms of
the supply—demand system and misses a transdisciplinarity perspective that acknowledges the roles
and interests of the key stakeholders and the necessity of integrating knowledge from science and
practice if we want to interpret, use and develop data about reserves and resources.

As may be taken from the comment of Hilton (2014) on a previous version, the paper of
Edixhoven et al. can be seen as an example of a critical, skeptical contribution on the future
availability of mineral commodities. We think that the question of why different scientists or
stakeholders provide such different judgments about reserves and resources is of general interest.

Thus, this comment includes a Section 7 which discusses whether the frequently found



discrepancies are due simply to (a) different data, system models, or system boundaries, to (b)
fundamental reasons that are rooted in different conceptions or schools of sciences? Or can the
differences be explained by (c) different worldviews?

Section 2 of our comment comprises the research questions and main conclusions of
Edixhoven et al. (2014) discussed in this comment. Then, we explain why certain fundamental

issues are dealt with in our opinion not sufficientlyan-insufficient-orunaceeptable-manner. Section 3

deals with the peer-acknowledgement of the dynamic nature of reserves expressis verbis but at the

same time neglecting important aspects of the dynamics likeand-the-reglect-of prices as a main

component of the dynamics and magnitude of reserves. Section 4 clarifies why the linking of
reserves to Peak P are wrong and why the suggested arguments on drilling plans are unrealistic.
This is done by brief explanations on how apreper Hubbert analysis and geostatistical inference in

our opinion would look like. Section 5 discusses the valuable contribution of Edixhoven et al.

(2014) when distinguishing PR-Ore (which is the basis of a reserve) and PR-M, which is a

marketable product, in reserve assessments. This section also reflects on the granularity of

reserves/resources classification and argues that the USGS classification is a proper reference

system for sustainable phosphorus management. Fhis-section-also-discusses-the-valuable

PR-M-which-is-a-marketable-product—inreserve-assessments—Section 6 reflects that the different

roles of key actors have not been sufficiently acknowledged_in our opinion.

2. Critical statements of the Edixhoven et al. paper

The paper by Edixhoven et al. (2014) discusses the classification and the data about
phosphate rock by the USGS Mineral Commodity Summaries (MCS) (USGS 2010, 2014; see also
Kelly, Matos, Buckingham, DiFrancesco, & Porter, 2008) and, in particular, focuses on the increase

of phosphate rock reserves from 16 Gt PR in 2010 (USGS, 2010) to 65 Gt PR (USGS, 2010). This



increase is due mainly to the increase of the Moroccan reserves from 5.7 Gt PR to 50 Gt PR, as
reported in an IFDC Report (van Kauwenbergh, 2010) and “upward country restatements for
countries like Syria, Algeria, and Iraq” (Edixhoven, et al., 2014, p. 500). The revision is supposed to
rely only on the data of one paper (see above).

Key questions of the Edixhoven et al. (2014) paper are whether present reserves and
resources data meet “industry best practice” and are “comparable and reliable” (p. 501p--19). The
paper criticizes the vague use of the categories reserves and resources, and identifies some data in
which phosphate ore and phosphate concentrate are not sufficiently distinguished.

The paper offers the following conclusions: The estimates provided by the IFDC report do
not present an “accurate picture” (p. 491). This is “mainly due to simple restatements of ore
resources as ore reserves.” (p. 504) The simplified classification of using reserves and resources is
considered to be insufficient, thus the IFDC report “provides an inflated picture of global reserves.”
(p. 491)

In principle, the formulation of Edixhoven et al. on “criticism of the global Peak Phosphorus
hypotheses.” (ibid, p. 492, see the quote of the first paragraph above) fathers the wrong assessment
the Morocco data by USGS (2011) and not the fundamental misuse of reserves as a substitute of
ultimate recoverabletrievable resource (Type 2, see above). Thus the paper does not disclose the
fundamental misuse of reserves as a substitute of ultimate recoverable resource in assessments of
Peak P in some papers (Cordell, Drangert, & White, 2009). The paper finishes with a plea for
“mineral resource reporting towards standardized definitions across the minerals, both to serve the
needs of globalizing businesses and to allow for mineral availability studies within the context of
sustainable development” (p. 503). Here, the use of UNFC (2010) classification, which has 40

theoretical cells (of which 12 respectively 14 are used) is proposed.



3. The dynamic nature of reserves and resources is rotpropery

acknowledged but not incorporated.

Edixhoven et al. (2013) acknowledge that “given the economic function of resource classifications,
reserves and resources are dynamic” (p. 9, line 14). When studying their paper, however, one
wonders to what extent this dynamic concept has actually been incorporated. The Edixhoven et al.
paper does not sufficiently take into consideration some basic mechanisms of resources theory. This
holds true in particular for the phenomenon that—given certain prerequisites—both an increase of
prices and of demand induce an increase of reserves and resources. This is key issue for all minerals
and in particular for phosphate rock reserves. The subsequent section introduces #-this neglected

aspects of resource dynamics.

3.1 The geological specifics of phosphate reserves have to be acknowledged

We argue that the analysis of Edixhoven et al. (2014) does not sufficiently acknowledging basic
geological and economic issues that affect the dynamics of reserve data (for more arguments see
Supplementary Information | for detailed reasoning).

e The reserve/consumption (R/C) ratio for most commodities is far less than that for
phosphate (see 2013, Fig. 3). The ratio is not increasing but staying within a spread of
equilibrium values that satisfy the planning scope of mining companies. The paper of
Edixhoven et al. misses to acknowledge that due to geostatistical reasons stratabound
sedimentary minerals normally have R/C ratios in the range of 100 or even higher. The R/C
ratios of (mostly) stratabound commodities iron ore, and bauxite are in the same range as
those of phosphorus. Yet, lens-like deposits such as those for copper, lead, or zinc have R/C
ratios between 20 and 40 (see Figure 1)-. Although the genesis of a bauxite deposit as a

weathering product is not the same as the ones of the strataform iron or phosphate deposits
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the geostatistical parameters are often similar making it possible to extrapolate tonnage and
grade data further than in lenslike base metal deposits and thereby influencing the R/C-ratios.
The range within which sample grades show a spatial interdependence frequently exceeds
100m (David, 1977)_Up to 700m have been reported for a phosphate deposit (Miller & Gill,
1986).

Technology will allow to economically produce lower ore grades. Since 1960, the average
world copper grade decreased from 2% Cu to 1% Cu (Schodde, 2010).

With the technological breakthroughs phosphorus mining may be done in new media or
geological environmentst (deep sea, river sediments-basaltic-rock;ete etc. for example).

Horizontal drilling and hydraulic fracking are the cause that US oil production is possibly

going to surpass the 1970 peak of US oil production (see SI1, Figure 1). The history of
nickel mining provides another example (see SI1). The shift from bat cave and bird guano to
phosphate rock is another example.

Price increases (together with cheaper production) are main drivers of reserve increase. The
Economic Demonstrated Resources (EDR) of phosphate in Australia, a country with very
strict reporting standards, increased ninefold after the tripling of the PR-M prices after the
general commodity price peak in 2008 (see SI1, Figure 2).

We assume that when Edixhoven et al. (2014) talk about “geocapacity,” it is identical to our
geopotential field of the Total Resource Box, see Figure 1 (Scholz & Wellmer, 2013). The
authors surmise that not much can be discovered within this geopotential field. However,
one wonders why companies spend significant amounts of funds for exploration and why
major mining companies that concentrate on “tier one” projects (large, long-living term
projects with prospectively low operating costs and high cash flows) move into the
phosphate business if everything has been discovered and is already owned by others

(Crowson, 2012).
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Figure 1: Comparison of the development of the R/C ratios (based on reserve base to 2008/2009

and reserves) of phosphate with iron ore and bauxite (Source: USGS MCS, BGR data bank)

3.2 The confusion between finiteness and staticness of reserves

Though Edixhoven et al. (2014, see e.g. page 495) repeatedly verbally acknowledge the
dynamic nature of reserves expressis verbis, they do not consider that the amount of economic
mineable PR (i.e. reserves) is growing if the prices increase. This holds true even if we just consider
the known deposits without postulating the new phosphate ores are detected. The basic rule which
can be derived from the rule of the ‘feedback control system’ that reserves increase with price
(Wellmer & Becker-Platen, 2002) is insufficiently included in the paper. Edixhoven et al. explicitly
use the term “increase” in total 43 times when dealing with reserves data or phosphorus demand.
But the relation of reserves and prices is and-only dealt once when referring to USGS/UISBM
(1980) when mentioning that “sub-resource deposits” may become resources as “prices rise or
techniques evolve” (Edixhoven et al., 2014, p. 494).

Edixhoven et al. mix finiteness and staticness as they insufficiently incorporate the dynamic
and technological dimension of reserve dynamics. How deeply this misunderstanding is rooted can

be well taken from a statement made in defense to a previous version to the present comment. Just
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six lines after the heading of the section “2.1.3 Our paper did not “confuse finiteness and staticness”
(Edixhoven, 2015, p. 6) you find the statement: “From a geological viewpoint, the world’s PR
deposits are fixed, or static.” Factually deposit can be defined as an “accumulation of ore or other
valuable earth material of any origin“ (EduMine, 2015). There is no purely geological, natural-
science definition for what amount and/or concentration or what other factors cause a substance to
become a deposit. Deposits such as reserves are entities that are economically defined.

If phosphate resources would become (economically) scarce, it is of interest whether a
market can tolerate a price increase for increasing the reserves. From a global perspective, PR-M is
a low-price commodity and thus may have a “flexible price” (Scholz & Wellmer, 2013). Scholz and
Wellmer (2013) calculated that in 2011, each world citizen consumed on average 30 kg PR-M.
Given a price of 200 USD/t PR-M in 2012 (which came down to a magnitude of 100 USD/t PR-M
since 2014, Index Mundi, 2015), the average annual cost would be about USD 6 per person. Ceteris
paribus, i.e., assuming that nothing else changes, we may ask whether a price of 60 USD per person
for PR-M would bankrupt the world economic system. We may think about the annual costs of
energy as a reference for comparison. In 2012, the world population consumed about 10 billion tons
of oil equivalents (toe), i.e., 1.43 toe per person (Wellmer, 2014). For an order of magnitude
calculation, roughly 60% of the consumption is oil/gas, which costs about 750 USD per ton (1

barrel costs slightly over 100 USD, price up to first half of 2014). Given a conversion factor of 1.5

from 1 t coal to 1 toe and a price of 75 USD for 1 t black coal (Index Mundi, 2014), the average
energy cost per world citizen in 2011 amounts to a magnitude of about 700 USD, which is about
100 times the current cost of consumed PR-M per person. We may conclude that humanity would
not collapse if the costs of PR-M per world citizen were to increase by a factor of 10 to 60 USD (or
even higher) per year (although such a price increase might worsen social inequity of having access
to phosphorus). Or in other terms: There is a big potential for phosphate price increase which would

increase the reserves (without finding new ore bodies).
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An important aspect of the paper is the longevity of phosphorus supply. Another issue is
what subresources may become future reserves. Scholz and Wellmer (2013) provided an estimate of

the URR _(ultimate recoverable resources) of the US Western Phosphorus Fields (WPF) (see

Edixhoven et al. 2014, p. 500) which refers to 300 years ahead when all current reserves are mined.
Here, we assumed—acknowledging losses in mining and beneficiation--that one third of the
resourcesere-bedy can be mined. Just this assumption would provide additional (future) reserves of
a magnitude of 180 Gt PR (for more arguments, e.g., why deep underground mining of the deeper
layers of the WPF layers are possible see Supplementary Information SI2).

The world’s phosphate ores are finite. But this does not imply that reserves are fixed. The
phosphorous content of the Earth, meaning the mass of the Earth multiplied by the background
value, or the Celarke, is an upper threshold. The URR related to PR-M depends on technology,
geopotential, and the economic power of humankind. Physical scarcity becomes real if humanity
does not have the economic (i.e., financial capital) and other means (i.e., alternative agricultural
technologies or innovations for mining low-grade ore) required to produce the amount of PR-M
needed to sustain the world’s food supply. Reserves and the estimate of world’s ttimate
recoverablereseurees{URRY) are dynamic variables. And we are far from providing a good estimate

on the URR of phosphorus at the global level.

4. Geomathematical modeling has to be properly referred to

Any mathematical or geostatistical model is conditional on certain prerequisites. If these
prerequisites do not match fully (in mathematics) or to some extent (in application), the use is
meaningless. The first section refers to Peak P and reveals severe misapplications of the Hubbert
Curve. The statement “peak phosphorus hypothesis is hotly debated” (Edixhoven, et al., 2013, p.
492) may be viewed as a correct description of the discussion among some scientists. However,

from an applied mathematics and resources science perspectives, there is no doubt that the Hubbert
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analysis cannot be used for estimating the global URR as the basic prerequisites are not fulfilled
(Brandt, 2010; Rustad, 2012; Vaccari & Strigul, 2011). This has not been unambiguously stated in
the Edixhoven et al. (2014) paper. This section will clarify this. The second section refers to the
wish to “obtain guidelines which determine the appropriate drill hole distance for the various

resource classes for the Moroccan deposit areas” (p. 503).

4.1 The Hubbert Curve works only for supply-driven markets under some constraints

There has already been much criticism about the grossly inaccurate application of the Hubbert
analysis for estimating the ultimate recoverable PR-M. The interested reader may refer to the papers
of Mew (2011), Rustad (2012), Scholz and Wellmer (2013), Vaccari and Strigul (2011), or to
Supplementary Information 3.

Nevertheless, it is most amazing that the faHacious-application by Cordell et al. (2009) is

still highly cited-an

reserves. The Supplementary Information SI3 analyzes in some detail under what conditions
Hubbert was able to provide a remarkable prediction for the ultimate US oil reserves, why the
situation for global phosphate reserves differs completely, and why—due to the new technology of
fracking—Hubbert’s prediction was also wrong for the US (see SI3, Figure 1).

In this placeplace, we summarize the basics ef-the-misapplication-in a way that becomes
understandable for those who are not used to working with mathematical models. After
approximately a century of extensive exploration of and recovery from US fields, Hubbert had a
realistic estimate of the future ultimaterecoverablereseureesURR (Harris, 1977, see Appendix).
Further, Hubbert was facing a supply-driven market, meaning that all oil produced was immediately
bought on the market. Based on this, he postulated that the curve of the annual consumption of oil
could be described by a (symmetric) logistic curve. Hubbert earned fame by predicting the peak oil

of US oil production with only a one-year deviation.
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The situation for global phosphate is completely different as opposed to the US oil
production. We are far from assessing the magnitude of the ultimate recoverable resources (URR)
(which includes the PR-M that will be mined by humanity in the long-term future, plus what has
been mined in the past). Given that phosphate concentrate is a low-cost commodity and the
potential for technological progress (e.g., if prices rise), the 300 Gt PR resources (USGS, 2014) of
today are with the utmost likelihood an underestimation of URR (see Supplementary Information
SI3). The major inconsistency of the “peak phosphorus in the near future” statement is that Cordell,
Drangert, and White (Cordell, et al., 2009) used the USGS data of 15 Gt PR of the 2008 reserves for
an estimate of the URR. This certainly provides an underestimation of much more than factor 10.
Reserves, independent of it source and validity, cannot be taken as a proxy for URR. Further, the
global phosphate rock market is, by ho means, a supply-driven market. In addition, the modern
Hubbert analysis, which is based on a curve fitting of the production curve by a logistic function,
does not provide meaningful results; it just predicts the total URR of 16 Gt PR, about half of which
was mined in the past.

The Hubbert Curve may work if there is a supply-driven market with a well-confined ore
body, such as the Nauru Guano deposit on Nauru island (Déry & Anderson, 2007). However,
applying it to a global estimate of future PR reserves with today’s knowledge cannotdees not be

substantiated by scientific arguments.

4.2 Drilling plans have to be adjusted to sites and interests

Edixhoven et al. criticize “the underreporting of Morrocan resources” (p. 502). The authors are
looking for guidelines which “determine the appropriate drill hole distance” (p. 502) and refer to a
“geological yardstick generally adopted in industry for measured reserves” (p. 502). Unfortunately,
the authors leave unspecified who needs what information, for what purpose, with what level of

certainty, at what costs. If we translate this issue into geostatistical decision theory, the complexity
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of the issue becomes evident. The question reads: Given a decision-maker’s interest (related to
research, business, public interest, etc.) in global/regional/local phosphate reserves and certain prior
knowledge as well as financial resources, how many drill holes of what density (e.g., assessed by
minimum or mean distance) according to what metric (Euclidian vs. non-Euclidian) and what
statistical design or plan (square, triangle, Bayesian, etc.) of what type (diameter, depth, etc.) should
be made for analyzing what parameters (volume, mass, purity, profitability, etc.) at what spatial
system (system boundaries), if there is certain prior knowledge and financial resources, will best
fulfill the decision-makers’ interests (Chilés & Delfiner, 2012; Diggle & Ribeiro, 2007; Matheron,
1963; Nothbaum, Scholz, & May, 1994; Scholz, Nothbaum, & May, 1994; Wellmer, 1998)?

From a company’s perspective, completely different drilling plans are needed for the
exploration of the magnitude of the potential excavation volume of a mining area, the elaboration of
a business plan (including, for instance, information used in the application of credits), and for
optimizing operations when the production is ongoing. There is no panacea, no generally valid
guideline or policy order for a standard drilling plan. This also holds true for the Moroccan
occurrences, with four plateaus with a total size greater than 10,000 km? (van Kauwenbergh, 20086,
p. 284). The plateaus show a “very complex tectonic history” (p. 273), where you find both highly
heterogeneous and homogeneous ore bodies. A drilling plan depends on geologic models and the
site-specific exploration history that, in this case, goes back to 1908. A smart drilling plan (also for
assessing the reserves) is dynamic in the sense that this information as well as the information of
previous drillings , e.g., by a Bayesian rationale (Diggle & Ribeiro, 2007). A fixed (square) drilling
plan as suggested by Edixhoven et al. (pp. 22-23) with a (minimum) half mile (800 m) drilling in a
huge number of drillings for an area of more than 10,000 km? for which is-nobody is willing to pay.
Why should OCP do these drilling when they face reserves that provide 1893 years the annual
production of the year 2014? (Geissler & Steiner, 2015) Drilling plans have to be related to the

knowledge of experienced local geologists (a “competent person”, according to the standard JORC
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code for reserve classification [JORC, 2012]) is-can be gathered from a comparison with coal, a
commaodity derived from comparable strataform deposit_types. In the newest guidelines for the coal
reserve classification in Australia, a recommended drilling grid has been deleted, and responsibility
rests totally on the “competent” person to decide whether the continuity between points of
observation is such that, e.g., it qualifies as an indicated resource under the JORC Code, the lowest
category to be included in the USGS reserve category (Australasian Institute of Mining and

Metallurgy, 2014).

5. The granularity/granulation of classifying the global
reserves/resources must be functional

5.1 The constraints of granularity have to be considered

We fully agree with the demand made by Edixhoven et al. (2014) that the global estimate of

phosphate reserves and resources must be reliable and comparable. We, however, -argue that the

high granularity promoted in Edixhoven et al. paper is not functional for reserves on a global level.

e Reserve and, even more so, resource calculations are estimates. Although the JORC code
(2012)- {2004)-and all other equivalent codes require a competent person with at least five
years experience in the relevant ore-deposit type, there will always be discrepancies between
the estimates of two different “competent persons.” Reserve/resource classification is not an
exact science.

e Reserve data are normally determined by private companies. For them, reserves comprise
their working inventory. The reserves may be more dependent on business planning models
and investment alternatives than on the magnitude of minerals in the ground. Companies
normally have no interest in spending funds on determining reserves far into the future.

e Consequently, if we look at JORC reserves and resources and envision a future mining
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sequence, there is a correlation between the data of potential future mining and the accuracy
of tonnage and grade figures. This has a further consequence: the granularity depends on the
knowledge and, thus, is time dependent. The JORC reserves and resources will be mined
first. For them, a high degree of granularity exists. For the potential reserves and resources
that do not yet fulfill JORC criteria and can only be transferred into the higher categories
after further exploration, far less detailed granularity is justified. The Accessible EDR
(Economic Demonstrated Resources) that the USGS takes as reserves for Australia in the
Mineral Commaodity Summaries (Christesen, 2014) contains only 33% JORC reserves in
2013 (Geoscience Australia, 2014).

The JORC Code and other national and international (finance-related) codes orient
themselves as investors’needs to know. They provide information for a quantitative risk
assessment for a mining company’s investment. The United Nations Framework
Classification (UNFC) had to follow this granularity; otherwise, it could not achieve the aim
of making different classification schemes comparable.

Granularity can be compared to a measuring tool. It has to be appropriate for the quality of
the data. In our opinion, the perfect granularity for assessing future availability was the
reserve base category of the USGS MCS. The reserve base was independent of short-term
variations in price or other short-term economic factors, and was changed only by losses
from production and increases from discovery and technological improvements (USGS and
USBM, 1982). Figure 1 of this paper shows the R/C ratios for phosphate, iron, and bauxite
based on reserves and reserve base. In general (see also Scholz and Wellmer, 2013), the
reserve base of these commaodities is one-and-a-half to nearly three times higher than the
reserves.

For estimating the reserve base of a commaodity, cost models are necessary. These were

supplied by the US Bureau of Mines (USBM), which no longer exists. Because the cost
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models could not be updated any longer, the USGS discontinued to quantify the reserve base

category in 2010. Taking into account that all governmental earth science organizations in

the world are under considerable financial pressure, it is not likely that the basis for a new
reserve base estimate can be recreated in the near future.

Thus, the question arises of what granularity is appropriate for reserves and resources of
phosphate. One must also take into account that an assessment of resource data of one nation can be
more detailed than the average assessment of the whole world. Despite the efforts of the UNFC, the
data for one country will always be more homogeneous than a worldwide data set. Australia is a
good example of how much aggregation is necessary and how much detail is possible in a final
report. Australia had a sophisticated reporting system in place for years. As Figure 2 shows, for the
most-important EDR, 20 subcategories of the UNFC system are lumped together. Concerning the
JORC classification, four categories are combined in the EDR: proven and probable reserves and
measured and indicated resources (Geoscience Australia, 2014, Figure A2, p. 172).

Taking the above framework conditions into account, it seems reasonable that the USGS
distinguishes only two quantitative categories in its reports in the publication MCS: reserves and
resources.

As outlined above, the requirement of a competent person under the JORC code applies
correspondingly to global reporting systems like that of the USGS. There can be no doubt that the
USGS mineral commodity specialists responsible for their chapters in MCS and in the Minerals
Yearbook as well as the IFDC experts are very experienced long-term ore deposit experts who can
draw many comparisons between deposits under exploitation and those still not exploited, and can
judge as best as possible which publicly available information should be taken into account for the

category “reserves” and which falls into the category of resources.
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Figure 2: Correlation of Australia’s national mineral resource classification system with the UNFC

system (Geoscience Australia, 2014, p. 172), criteria (E) economic and social viability, (F) project

status and feasibility (F), and (G) geologic knowledge.

5.2 International harmonization of the classification is meaningful

Nevertheless, conformity among the different national classifications seems reasonable. The case of

the Iraq reserves may be taken as an example, where “USGS restated from zero to 5800 Mt PR

19



overnight in 2012” and “downgraded again by 93% to a mere 430 Mt PR ...” (Edixhoven, et al.,
2014, p. 500). Please note that the Iraq data in the USGS MSC are factually based on PR-Ore data
(see below). The uptake and correction of the Iraq data was neither a clandestine directive nor did
5370 Mt PR-Ore disappear. As has been well reported (Al-Bassam, Fernette, & Jasinski, 2012), the
exploration of the 22 Iraq occurrences including 7 deposits and a resource estimate of 9.5 Gt PR-
Ore has been underway since 1965 by the Iraq Geological Survey and its predecessor organization.
Exploration and drilling began in 1963. For all deposits, “pilot scale beneficiation” was done “using
simple beneficiation techniques” to check whether PR-M could be produced with the available
technology (Al-Bassam, et al., 2012). The story of the USGS data is that the exploration in lIraq
obviously reached a certain level of maturity in 2011. Unfortunately, for historical reasons the
classification system labeling the Iraq reserves was the Russian system (Gert, 2007). This was well
marked in the public presentation of the upgrading in the joint presentation of the Iraq and the US
geological surveys (Al-Bassam, et al., 2012). In addition, the Russian system distinguishes between
“reasonably assured, identified, estimated, and inferred” recoverable reserves. A second look
revealed that, only some fields fulfilled the USGS criteria for reserves. The downgraded reserves
did not disappear, but some reserves were downgraded to resources (Jasinski, 2013) and may appear

as resources in the future after further exploration or increases in prices.

5.3 Mixing PR-Ore and PR-M (marketable phosphate rock concentrate) may be avoided

A main achievement of the Edixhoven et al. paper is the revealing of the mixing of PR-Ore
and PR-M data in the USGS MSC. USGS attempts “to use reserves in terms of concentrate, but
many of the foreign sources are reported in terms of ore and grade. The country specialists provide
official information, if available, and some of it is reported in terms of ore and grade. . . . Data for
Algeria, Syria, Iraq, South Africa are in terms or ore. US data is concentrate” (Jasinski, 2014b). The

USGS MSC 2014 (p. 119) explicitly mentions this but did not specify for which countries ore data
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and for which countries concentrate data are used. The question that must be answered is whether
this situation essentially changes the current estimate of global phosphate reserves.

For phosphate rock reservesreserves, the entry into the USGS MCS for 2014 is 67 Gt. We

know from Jasinski (2014b) that the US entry is marketable product (PR-M). According to van
Kauwenbergh (van Kauwenbergh, 2006, 2010), also the Morocco and Western Sahara entry is PR-
M. For Australia we know that the entry into the MCS is Accessible Economic Demonstrated
Resources (EDR). Geoscience Australia (2014) reports that the Accessible EDR contains 213 Mt of
P,0s. Taking out 31% which is classified as paramarginal and taking the average of 30% P,0s for
PR-M this results in 0.49 Gt PR-M instead of 0.87 Gt in the USGS MCS (Edixhoven, 2015). Thus
Morocco, US, and Australia account for 51.6 Gt PR-M (instead of 52.0 in the USGS MSC entry).

As said above, the USGS conveyed (Jasinski, 2014a) the entry into the USGS MCS for
Algeria, Syria, Iraq and South Africa is in terms of PR-Ore. Because we do not have information for
the other remaining countries in the MCS we assume the worst case and assume that the entries also
present PR-Ore. So we group all countries besides the USA, Morocco and Australia together. We
will examine an investigation by van Kauwenbergh (2010) who investigated the 2010 entries of the
USGS MSC to derive a number for PR-M (IFDC Reserves Product; van Kauwenbergh 2010, p. 33)
and do in addition a worst case calculation for all countries except US, Morocco and Western
Sahara and Australia for which we have data in the MSC.

If we do not take Morocco and Western Sahara, USA, and Australia into account, according
to the investigation of van Kauwenbergh (2010), the conversion rate from USGS MSC 2010 entries
to PR-M would be 0.8, i.e., meaning a reduction by 20%. For our worst case calculation we assume
an average grade of 20% P,0s. Magmatic ores are mostly lower, but most sedimentary ores are of
higher grade (Steiner, Geissler, Watson, & Mew, 2015). 20% P,0s ore grade means that we
theoretically need 1.5t of PR-Ore to produce 1 t PR-M with 30% P,0s. Now we have to consider

the mining and beneficiation efficiency. Scholz et al. (2014, pp. 48-53) intensely discuss two
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estimates of recent mining efficiencies, one of the IFA (International Fertilizer Industry Association;
IFA, 2010) and one from the IFDC (VFRC, 2012). We take the average of both which is 66%. This
means instead of needing theoretically 1.5 t of PR-Ore to produce 1 to of PR-M we need in reality
1.5/0.66 = 2.3 t of PR-Ore for 1t PR-M.

If we transfer this to the entry of the MCS, we have the entry total reserves minus the
reserves for the US, Morocco and Western Sahara, and Australia, i.e., 67 Gt - 52 Gt = 15 Gt, of
which we do not know if it is PR-Ore or PR-M. Taking the investigation of van Kauwenbergh of
2010 as an analogue, 15 Gt PR-ore would convert into 12 Gt PR-M. Taking the worst case scenario
of above 15 Gt would convert to 6.5 Gt. In consequence the total MSC-entry for PR-M would
change in the case of the van Kauwenbergh 2010 analogue to 64 Gt (and with a correction for the
Australian entry to 63.8) and with the worst-case scenario to 58.5 Gt (and with a correction for the
Australian entry to 58.3 Gt). Geissler and Steiner (2015) suggest a refined calculation when using
the country specific ore grades for Brazil, Russia and South Africa. These three countries have
lower ore grades than 20%. This would induce another reduction of 0.8 Gt PR-M and a worst case
estimate of 57.5 Gt which may be seen as a “extreme worst case calculation”. This correction
induces that the global share of Moroccan reserves becomes significantly higher as the non-
Moroccan reserves get halved under a worst case assumptions.

It is interesting to consider the relative error. In the case of the van Kauwenbergh analogon
the error relative to the MSC entry would be 5%, in the worst case scenario 13%. Although it is not
directly comparable it might be helpful to compare it with errors tolerable in standard reserve
calculations. If we take again a comparison with coal, being geologically similar, for example: For
the accuracy of coal reserve estimation for a detailed feasibility study +/- 10 to 15% is acceptable

(Standard South Africa, 2004).
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5.4 The Moroccan reserves are underestimated rather than overestimated

We will now discuss why the IFDC’s estimate of the Moroccan reserves does not provide an
“inflated picture ... of reserves” (Edixhoven et al., p. 491) and why the statement that the Morocco
estimates are based on a single paper is not correctwrong.

Naturally the paper of Gharbi (Gharbi, 1998) is an important one, the quoted paper appeared
in a journal which is the official natural resources journal of the French Geological Survey BRGM
and OCP officially invited to contribute to this issue. What better data can there be? Second, the
interactive comment of Mew (2015a), who worked for four decades (in private resources
consultancy organizations) on world and Moroccan reserves for more than four decades,
illuminated what exploration data have been published in OCP and others’ documents. This is also
reflected by a statement of IFDC which was provided to answer our question on what documents
and information has been included in the assessment of the Morocco reserves:

“In addition to Gharbi (1998), the IFDC technical bulletin/publication (van Kauwenbergh,

2010) relied on several earlier publications that recognized the vastness of the mineable

reserves and the incomplete exploration of the Moroccan phosphate basins. Such

publications included: Savage (1987); the OCP (OCP, 1989) contribution entitled “The

Phosphate Basins of Morocco” in Notholt et al., Eds. (1989) and various other publications

(Belkhadir & Chaoui, 1986; Fertilizer International, 2006; IFDC, 2006). Full references for

Savage (1987), OCP (1989) and Notholt et al., (1989) are in the IFDC 2010 publication.

The IFDC 2010 publication also drew from IFDC’s PR knowledge base that has

accumulated over 35 years of research and PR assessments including collaborative

assessments with public international/national organizations and private sector companies
along with the recognition that reserve figures are strongly influenced by the cost of PR/ton

(IFDC, 2006, p. 43).« (IFDC, 2015)

According to van Kauwenbergh, “The phosphate rock resources of Morocco are extremely
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large and apparently still incompletely explored” (van Kauwenbergh, 2010, p. 35). In 1989, for
instance, the OCP reported that 36% of the Khouribga, 18% of the Ganntour deposit, and 56.2 Gt
mineable reserves were explored with a first estimate for the total resources of 140 Gt, considering
the unexplored extensions of the main deposits \(see also Savage, 1987)\. These data obviously refer
to PR-M (van Kauwenbergh, 2013). In 1995, the aggregate resources had increased to 85.5 billion
cubic meters, which equates to 171 GT PR-Ore, if we assume a density of phosphate ore rock of 2.0

for a first estimate. Also the Gharbi data from 1998 are in cubic meters; given an exploration of

45%, “the identified reserves of the Khouribga region were 37.37 billion m®” (Gharbi, 1998, p. 128).

This estimate was obviously due to the easy accessibility of the upper beds. IFDC suggested a
normal conversion factor of 2 and updated the Khouribga data in 2011 based on the production data
at this mine, suggesting a reserve of 28 Gt PR-M (van Kauwenbergh, 2010). Similar differentiated
and reasonable estimates were given for two other areas, i.e., the Ganntour and Bu Craa deposits.
This provided a reserve estimate of 51 Gt for three mining areas not including the Meskala. But
IFDC assesses the four phosphate rock regions to include approximately 170 Gt PR-ore. Assuming
that “regions that have not been explored contain phosphate rock that is similar in thickness and in
other properties to the existing reserves are considered, the combined identified resources and
hypothetical resources of the four areas are estimated at approximately 340,000 mmt.” (i.e., 340
Gt; van Kauwenbergh, 2010, p. 36)

As Mew pointed out, “much of the confusion ... stems from the fact that on average, 1
m’m3 of OCP ore more or less equates 1 tonne of PR.M” (Mew, 2015a, p. C8) and OCP annual
reports and geological papers report PR often in cubic meters.

The IFDC report stresses that the production costs are not assessed but will increase by
various factors, such as the increase of the carbonate content in some ores. Given the present
exploration, the ore grades of the explored fields are exceptionally high and, on average, around

30 % and thus of the magnitude of concentration of PR-M. With respect to cost development OCP
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conveyed that the company had (roughly) estimated the cost for producing PR-M for reserves far
above the 50 Gt PR-M which are recorded in the USGS-MSC (Terrab, 2012).

Moroccan mining activities are in a permanent development. For several years, three new
mines at Khouribga and one at Ganntour have been under development (OCP, 2014). OCP
considers Meskala the “largest phosphate deposit to be developed since 70 (EI Omri, 2015, p. 7).
Meskala is a non-producing district and has not been included in the IFDC assessment. Given an
almost 100-year history of exploration and the specifics of the geological setting, it is clear that
different parts of the 10,000 km? are on different levels of the exploration ladder (Marjoribanks,
2010). Furthermore, in many places the distinction whether reserves or resources are “demonstrated
(measured and/or indicated) and identified (demonstrated and/or inferred)” (Edixhoven, 2013, p.
11) develops over time as a combination of multiple evidences from continuing exploration and
mining experience. Against this background, the conclusion that the “increase of Moroccan reserves

.. was ... due a to simple restatements of ore resources as ore reserves” (Edixhoven et al., p. 504)
seems to be a very-biased statement which is far from properly acknowledging the different types of

data and the continuous learning effects of a mining company. It is a little misleading that

Edixhoven et al. (2014) do not acknowledge that some “restatement[s]“ of the IFDC report and in [Formatted: English (U.S.)

[Formatted: English (U.S.)

other places were based on reasonable conversions between cubic meters PR-ore and tons PR-M.

6. Improving the transdisciplinary dialogue between those with knowledge in science
and those with experiences from practice

Julian Hilton, in his extensive revieweritigue of the first version of the Edixhoven et al.

(2013), has done an excellent job of describing many facets that characterize the rationales of key
stakeholders. Let us look at just a few issues that demonstrate the complexity of phosphorus
management: “Major mining companies are notorious for understating reserves, while juniors tend

to overstate because they want to attract investors”; “Many emerging/developing countries depend
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heavily on their P resources ... so resource data may be withheld for commercial and/or strategic
reasons ...”; “Large resource-hungry countries such as China will guard PR resources as strategic
resources and hence not disclose quantities available ...”; “The Era-MIN network ... estimates an
increase of some 50% in resource quantification” by “improved exploration and analytical
techniques.” Or the issue that in developed countries is a “social license to operate.” Phosphorus
mining is a matter of political decision-making that may be reversed. Based on these factors, it
becomes less and less likely that the major PR producers will disclose their hands, especially where
the production base is financed through the world’s stock exchanges ...” (all quoted from Hilton,
2014, pp. 2-3).

The assessment and management of the geopotential of the resources and reserves of
phosphorus is a complex, societally relevant issue that has to be addressed by relating knowledge
from the various stakeholders and a wider range of scientific disciplines. To better understand the
dynamics and pitfalls of phosphorus management, a “collaborative effort by phosphate rock
producers, government agencies, international organizations and academia will be required to make
a more definitive current estimate of world phosphate rock reserves and resources” (van
Kauwenbergh, 2010, p. 1). Against this background, the paper by Edixhoven et al. looks like an
strange-academic desktop study that is missing the interaction with practitioners to understand (i)
the knowledge gained in exploration and mining operations/companies and (ii) the constraints faced
by different stakeholders when dealing with reserve data. Applying a “tone of moral indignation
with ... the intention to shame PR producers into disclosure of the reserves and resources they
hold” (Hilton, 2014) is certainly not an acceptable strategy. Transdisciplinary processes, such as
those induced by the Global TraPs project on “Sustainable Phosphorus Management” (Scholz, Roy,
Brand, Hellums, & Ulrich, 2014), in which representatives from all key stakeholder groups
participated, are a necessary means of learning both for practice (e.g., to better understand the

complexity and long-term issues of sustainable resources management) as well as from scientists to
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acknowledge the multiple contexts and constraints to which a reliable access to reserve data is

exposed.

7. General discussion and conclusions

7.1 There is sufficient knowledge for estimating phosphate reserves and resources

PR-Ore and PR-M have to be distinguished: The main contribution of Edixhoven et al. (2014) has
been that data on phosphate rock ore and phosphate concentrate (both abbreviated as PR in their
paper) are sometimes not properly distinguished. Given that the ore is economically mineable, the
conversion factor depends, among others, on ore grade and the efficiency (or losses) of recovery
and losses in the process of beneficiation. The overall USGS MCS include data for four countries
which provided ore data for which no conversion from PR-Ore to PR-M has been performed_and

three countries with data for PR-M. In additionAnd there have been 16 countries, i.e.,resp- data sets

where no specification on the national reporting was provided by USGS. A rough worst case
calculation indicated that—if we take marketable phosphate rock concentrate with 30% P205 (PR-
M) as the measuring unit—the current global reserve estimate amounts to an estimate of 58 Gt PR-
M (which is about 13% smaller than the USGS estimate).

Initiating a process of consenting on a proper granularity of reserve estimates: Mine-
specific, national, and global classification systems have different functions and ask for different
levels of accuracy. From a global perspective, both with respect to providing reliable information
for functioning markets as well as for assuring long-term supply security, a simple, feasible, and
sufficiently reliable classification system that is acceptable to all key players is helpful. We argue
that the distinction between reserves, reserve base, and resources (USGS & USBM, 1980) has been
such a system. Since the reserve base category cannot be quantified anymore, there are now only

the two categories, reserve and resources. We argue that the detail of the data of these categories are
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sufficient, although not optimal, to analyze the dynamic natures of reserves and resources.

There is no physical scarcity of rock phosphate in the near future: Edixhoven et al. put
reserves in the context of “longevity of mineable PR deposits” (Edixhoven et al, 2014, p. 492). This
is misleading and wrong as reserves are mining company’s planning data and do not relate to global
URR estimates for P. This is independent of who assessed the reserves. Phosphate rock is a low-cost
commodity. And prices are very flexible; in addition, phosphorus reserves have the potential to
increase easily due to technological advancements like economic underground mining. There will
be no physical scarcity in the short and mid-term future. However, the finiteness of the P reserves
asks for special efforts for monitoring the geopotential for providing timely adaptation means from
a resources security perspective.

The Moroccan reserves are big: Based on almost 100 years of exploration and mining, it is
clear that Morocco (including the Western Sahara area) owns the largest currently known phosphate
reserves in the (terrestrial) world. Given an annual production rate of 0.028 Gt PR-M in Morocco
and a current annual demand of a magnitude of 0.2 Gt PR-M, there are no incentives or needs for
the national company to assess exactly what parts of the magnitude of 340 Gt PR-Ore resources
(van Kauwenbergh, 2010, p. 36) identified may be mined economically with today’s costs.
Edixhoven et al. (2014) did not acknowledge that the Morocco P reserves were not only upgraded
after 20 years based on new exploration but also after the more than tripling of the prices of PR-M.
According to our analyses and the data publically available or provided by the OCP, there is reliable
evidence that at least 50 Gt PR-M may be mined underwith the current mining regime.

Developing a proper understanding of the accuracy of reserve estimates: The assessment of
the current economically mineable phosphate ores is not a matter of exact science. Given a
magnitude of 0.2 Gt PR-M phosphate concentrate of annual production and a magnitude of 60 Gt
PR-M as global reserves, no one would be willing to pay for reliable information about what might

be produced in 300 years for today’s costs. Also against this background, it is unfortunate that the

28



basis to quantify the reserve base does not exist anymore (see above). When providing an
assessment on the current phosphorus reserves, it is important to acknowledge that some country’s
reserve estimates are provided sometimes by companies that historically worked with different
classification systems such as the Russian, Australian, Chinese or others or that of the USGS. Thus,
the 22-country data of the USGS MCS 2014 do not all have the same basis. It is also evident that a
highly differentiated and costly assessment applying the JORC or equivalent classification systems
(which are prescribed by the major stock exchanges) or fixed drilling plans are not meaningful for
an estimate of global reserves. An overly “detailed granularity” for a global assessment seem to be
dysfunctional. Nevertheless, requiring transparency and compatibility of data is a meaningful

suggestion, though we have to ask how this may be achieved (see below).

7.2 Why do we have so different estimates of reserves and resources?

7.2.1 Are there differences in estimates due to misinterpreting data or systems?

In principle, both camps, the optimists and the pessimists, use the same data but interpret
them differently. But some data are differently interpreted or validated. The changes of Iraq data in
the USGS Mineral Commodity Summaries or the conversion of volume to tons in the case of
Morocco deposits may be taken as example. The Iraq data was corrected when the incompatibility
of the Russian and the USGS classification was noticed. But we find also continuous misuse of data

(in modeling) such as using reserve data as substitute for URR is an example.

Many papers on phosphorus scarcity, such as the Edixhoven et al. (2014) paper, lack the
incorporation of the interaction of supply and demand by feedback control systems. Factors such as
long-term supply security, intergenerative justice, and the prevention of unacceptable environmental

pollution ask for understanding of the supply—demand dynamics and the identification of potential
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barriers to getting access to sufficient phosphates in the future. Here, “[s]tatic lifetime [i.e., the R/C
ratio] ... may serve as screening indicator[s] preceding early warning research” (Scholz & Wellmer,
2013, p. 11). Valid and reliable data on reserves and resources help. But when talking about these
data, we have to properly acknowledge the uncertainty and the satisficing principle (Simon, 1955).
The precision of the resources and consumption data must be good enough to draw adequate
conclusions. Harmonization and transparency of the data as well as a consistent unit of recording
are helpful. However, the real challenge from a sustainability-science perspective is to develop a
sufficiently comprehensive system view and the capability to answer questions such as: Is the
current dynamic of consumption of mineral phosphorus (in agriculture, industry, diets, etc.), the
increase of efficiency in production and use (as fertilizers, food additive, increasing human
population), the incorporation of recycling (farms, household level, sewage plants, etc.) or
substitution (e.g., of phosphates in technical applications) sufficient, given the geopotential for
phosphorus in the long-term future (i.e., what resources may be identified, what resources may
become reserves, how the costs develop, etc.) and the prospective environmental and social costs
related to its use?

When prices change, tFhe amount of phosphorus reserves would —feriastance-changes on a

monthly if not daily basis as what is economic mineable depends on the (sometimes volatile)
market price for PR-M. But changes in the entry change discontinuously. Two main factors here is
the point if the knowledge of an exploration program has attained a certainty for providing a
changed judgment. Another is the judgment whether a new price level has been attained as it has
been after the 2008 price peak (Mew, 2015b; Weber et al., 2014). Both aspects played a role in the
2010 upgrading of the Morocco data. Properly interpreting this asks for system literacy on coupled
human-resources systems matters (Scholz, 2011) which is often missing. Thus, (natural) resources
science is a genuine interdisciplinary field and requires modeling and conceptualization about how

human systems may get access to geologic resources.
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But even more, often the knowledge from the science system is not sufficient for assessing
the globally available resources. Much knowledge and data are in the possession of large mining
companies, geological institutions, traders, financial institutions, etc. Transdisciplinarity has
become one option by which we may efficiently relate knowledge from science and practice about
the geosystem, market mechanisms, political regimes, environmental standards and impacts, and the
multiple constraints on contexts that are related to mining in precompetitive discourses (Scholz,
Roy, & Hellums, 2014). Unfortunately many scientists do not sufficiently acknowledge the

important role and epistemics of practice in resources management (Scholz & Steiner, 2015).

7.2.2 The camps of sceptics/pessimists and optimists/realists should talk to each other

In science as in society, we may find camps of optimists and pessimists/skeptics (Tilton, 1977). The
pessimist mind-set that human population growth and demands increase faster than the world’s
resources can provide for was introduced by Thomas Malthus (1766-1843). The mixing of
finiteness with staticness by neo-Malthusians may be taken as example. The opposite camp of
Malthusian skeptics, sometimes labeled Cornucopians, believes that the capacity of the human mind
is unlimited, and that each problem that arises, such as the problem of physical scarcity, can be
overcome by technology (McKelvey, 1972).

Presumably, the truth may be found somewhere in the middle. Given the finiteness and the
current level of demand, there will be a peak phosphorus level some day either as the prices become
so high that consumption has to be adjusted (Scholz & Wellmer, 2013) or as humankind
sophistically induces a demand driven peak by closing the anthropogenic phosphorus cycle (Scholz,
Roy, & Hellums, 2014). Phosphorus atoms do not disappear. We suggest that resources science
should focus on phosphorus flow analysis and management that encourages recycling and prevents
the dissemination of phosphorus into the sea (Scholz & Wellmer, 2015).

Scepticism may get political function: Sociologists argue that (environmental) “scepticism is
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a tactic of an elite-driven countermovement designed to combat environmentalism, and that the
successful use of this tactic has contributed to the weakening of US commitment to environmental
protection* (Jacques, Dunlap, & Freeman, 2008, p. 349). Likewise, skeptics may consider the
critique of the high Moroccan phosphate reserve estimate as a free ticket to unrestricted increase of
phosphorus use and delay of recycling attempts. A critical question in this context is whether the
phosphate industry may have artificially increased the Moroccan reserve data for facilitating the
purchase of increasing amounts of fertilizer or for preventing policy means to promote recycling.
Contrary, one may argue that an artificial increase of reserve data rather induces the idea of
oversupply and thus tends to decrease phosphate prices. Here, a high estimate of the Moroccan
reserves—aligned with the argument of scarcity—may cause a politically uncomfortable situation
for Morocco as it may cause territorial greediness by others. When taking a critical look at these
positions, these authors do not find evidence for an interest-driven overestimation of phosphate
reserves by the USGS. In our opinion, the estimates are reasonable and are updated if new
information becomes available. But, as resources data are of societal and political importance, and
the public at large is interested in the science knowledge about this issue, both camps should

communicate to avoid unnecessary public confusion.

7.3 Rethinking the process of assessing data on reserves and resources

For any grade level, mineral phosphate reserves are finite and nonrenewable on a human time scale,
and accessibility to phosphorus is essential for feeding a large world population. Thus, from the
perspective of sustainability, there is a genuine interest in knowing whether and when humanity is
facing supply insecurity. Wellmer and Scholz (Wellmer & Scholz, 2015) discuss the question of
whether there is a right to know about the reserves, resources, and geopotential. Edixhoven et al. (p.

50424) ask for-a “an in-depth and scientifically sound global inventory.try-independent-and

. .F. II | I I - I ;f PR EESGS.IIS.”
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This request is facing the dilemma that—according to the rules of the global market
system—the data on reserves are owned by those who generate them, and these are mostly
companies who have collected the data for business purposes, given a time horizon of normally up
to 50 years, only in special cases up to 100 years. Against this background, we suggest a “solidly
funded international standing committee that regularly analyzes the global geopotential, focusing on
the source of the future reserves and resources” (Wellmer & Scholz, 2015). Such a committee may
be established under the auspices of the International Union of Geosciences (IUGS) which has a
significant input from governmental earth science organization or anchored initially at
EuroGeoSurveys (Association of the European Geological Surveys)” (Wellmer & Scholz, 2015). As
mentioned above, the knowledge from practice should also be properly included here. The critical
question, however, is whether the public is willing to pay for such an assessment of geopotential.
This is a challenging and expensive issue. The principles of precautionary action and the right to
know (Foerstel, 1999; Jasanoff, 1988) may be referred to here are internationally intensely
discussed policy and legal means. Both concepts developed in the context of environmental
pollution and later in climate change (Jacobs, 2014) but can also be applied to the field of resources
if scarcity concerns call for precaution, and the present level of consumption is seen as a societally
unacceptable risk for future human generations. However, such a judgment asks for comparative
assessment with other environmental priorities. As the costs for this have to be covered by the
public at large, this calls for a broad, international societal and political commitment. We argue that
phosphorus may serve as an excellent learning case for how such a process may look and how

global resource literacy may be developed.

33



Acknowledgements

We want to thank Peter Buchholz, John H. De Young, Jr., Deborah T. Hellums, Steven
Jasinski, Michel Prud’homme and Sandro Schmidt for their input or thorough feedback to and Joost
Edixhoven, Bernhard Geissler, Michael Mew, Gerald Steiner and one anonymous reviewer for their

review on a previous version of this paper.

34



References:

Al-Bassam, K., Fernette, G., & Jasinski, S. M. (2012). Phosphate deposits of Iraq. Paper
presented at the PHOSPHATES 2012, March 20-23.

Australasian Institute of Mining and Metallurgy. (2014). Coalfields Geology Council of NSW
and Queensland Mining Council. Retrieved August, 14, 2014, from
http://www.ausimm.com.au/content/default.aspx?1D=515

Belkhadir, A., & Chaoui, M. A. (1986). Phosphates in Morocco. In A. I. More (Ed.), Proceedings
of the International Conference “Fertilizer '85” (pp. 231-241). 1986: The British
Sulphur Corporation Limited.

Brandt, A. R. (2010). Review of mathematical models of future oil supply: Historical overview
and synthesizing critique. Energy, 35(9), 3958-3974.

Chilés, J.-P., & Delfiner, P. (2012). Geostatistics. Modeling spatial uncertainty. Hoboken, NJ:
Wiley.

Christesen, C. (2014). Critical Assessment of data on Reserves and Resources of Phosphate Rock
(MSc-Thesis Technical University Bergakademie Freiberg). Hannover: BGR.

Cordell, D., Drangert, ]. 0., & White, S. (2009). The story of phosphorus: Global food security
and food for thought. Global Environmental Change-Human and Policy Dimensions,
19(2), 292-305.

Crowson, P. (2012). Solving the minerals equation? Demand, prices and supply. Paper
presented at the LE STUDIUM conference Life and Innovation Cycles in the Field of
Raw Materials Supply and Demand—a Transdisciplinary Approach, April 11-12, 2012.

David, M. (1977). Geostatistical Ore Reserve Estimation. Development in Geomathematics 2.
Amsterdam: Elsevier.

Déry, P., & Anderson, B. (2007). Peak Phosphorus. Energy Bulletin, (Retrieved September 22,
2011). Retrieved from http://www.energybulletin.net/node/33164

Diggle, P., & Ribeiro, P.]. (2007). Model-based geostatistics. Berlin: Springer.

Edixhoven, J. D. (2015). Interactive comment on “Comment on: “Recent revisions of phosphate
rock reserves and resources: a critique” by Edixhoven et al. (2014) - Phosphate
reserves and resources: what conceptions and data do stakeholders need for
sustainable action?” by R. W. Scholz and F.-W. Wellmer. ESDD, 6, C33-C34.

Edixhoven, |. D., Gupta, ]., & Savenije, H. H. G. (2013). Recent revisions of phosphate rock
reserves and resources: reassuring or misleading? An in-depth literature review of
global estimates of phosphate rock reserves and resources. Earth System Dynamics
Discussions, 4, 1005-1034.

Edixhoven, |. D., Gupta, ]., & Savenije, H. H. G. (2014). Recent revisions of phosphate rock
reserves and resources: a critique. Earth System Dynamics(5), 491-507.

El Omri, R. (2015). Update on OCP development program. Paper presented at the CRU
Phosphates, March 23-25, 2015.

Fertilizer International. (2006). North Africas phosphates, a fulcrum role Fertilizer
International, 411(411), 44-50.

Foerstel, H. N. (1999). Freedom of information and the right to know. the Origins and
applications of the freedom of information act. Westport, CT: Greenwood Press.
Geissler, B., & Steiner, G. (2015). Interactive comment on “Comment on: “Recent revisions of

phosphate rock reserves and resources: a critique” by Edixhoven et al. (2014) -

35


http://www.ausimm.com.au/content/default.aspx?ID=515
http://www.energybulletin.net/node/33164

Phosphate reserves and resources: what conceptions and data do stakeholders need
for sustainable action?” by R. W. Scholz and F.-W. Wellmer. Earth Syst. Dynam.
Discuss., 6, C56-C68.

Geoscience Australia. (2014). Australia’s identified mineral resources 2013. Canberra:
Geoscience Australia.

Gert, A. (2007). New Russian Classification—Approximation to the International Standards,
Novosibirsk, Russia. Retrieved October 3, 2013, from
http://www.unece.org/fileadmin/DAM/ie/se/pdfs/lUNFC/oct07/gert.pdf

Gharbi, A. (1998). Le phosphates Marocains. Chronique de la Recherche Miniére, N531-532.

Harris, D. P. (1977). Conventional crude oil resources of the United States - recent estimates,
methods for estimation and policy considerations. Materials and Society, 1(263-286).

Hilton, ]J. (2014). Interactive comment on “Recent revisions of phosphate rock reserves and
resources: reassuring or misleading? An in-depth literature review of global estimates
of phosphate rock reserves and resources” by J. D. Edixhoven et al. Earth System
Dynamics Discussions, 4, EC686-C686.

IFA. (2010). World phosphate rock flows, losses and uses. Composed by M. Prud'homme. Paper
presented at the British Sulphur Events Phosphates.

IFDC. (2006). Fertilizer raw material resources of Africa. Muscle Shoals, AL: IFDC.

IFDC. (2015). Personal communication of Deborah T. Hellums, Acting Director, Office of
Programs, IFDC. Muscle Shoals, AL.

Index Mundi. (2014, July 29, 2014). Coal, South African expert price. from
http://www.indexmundi.com/commodities/?commodity=rock-phosphate

Index Mundi. (2015, Septemer 5, 2015). Rock phosphate monthly price - US Dollars per metric
ton. from http://www.indexmundi.com/commodities/?commodity=rock-phosphate

Jacobs, J. R. (2014). The precautionary principle as a provisional instrument in environmental
policy: The Montreal Protocol case study. Environmental Science & Policy, 37,161-171.

Jacques, P. ]., Dunlap, R. E., & Freeman, M. (2008). The organisation of denial: Conservative
think tanks and environmental scepticism. Environmental Politics, 17(3), 349-385.

Jasanoff, S. (1988). The Bhopal disaster and the right to know. Social Science & Medicine,
27(10),1113-1123.

Jasinski, S. M. (2013). Personal communication by e-mail, February 5, 2013.

Jasinski, S. M. (2014a). Earth System Dynamics; personal communicatiom by email. In R. W.
Scholz (Ed.) (pp. 1).

Jasinski, S. M. (2014b). Personal communication by e-mail, July 23, 2014.

JORC. (2012). Australasian code for reporting of exploration results, mineral resources and or
reserves.

Kelly, T. D., Matos, G. R., Buckingham, D. A,, DiFrancesco, C. A., & Porter, K. E. (2008). Historical
Statistics for Mineral and Material Commodities in the United States. U.S. Geological
Survey Data Series, 140. Retrieved from http://minerals.usgs.gov/minerals/pubs/historical-
statistics/

Marjoribanks, R. (2010). Geological methods in mineral exploration and mining. Berlin:
Springer.

Matheron, G. (1963). Principles of Geostatistics. Economic Geology, 59, 1246-1266.

McKelvey, V. E. (1972). Mineral resource estimates and public policy. American Scientist,
60(11), 32-40.

Mew, M. (2011, 4 March 2011 ). Future Phosphate Rock Production - Peak or Plateau?
Retrieved June 12, 2012, from http://www.fertecon-frc.info/pagel5.htm

Mew, M. (2015a). Interactive comment on “Comment on: “Recent, revisions of phosphate rock

36


http://www.unece.org/fileadmin/DAM/ie/se/pdfs/UNFC/oct07/gert.pdf
http://www.indexmundi.com/commodities/?commodity=rock-phosphate
http://www.indexmundi.com/commodities/?commodity=rock-phosphate
http://minerals.usgs.gov/minerals/pubs/historical-statistics/
http://minerals.usgs.gov/minerals/pubs/historical-statistics/
http://www.fertecon-frc.info/page15.htm

reserves and, resources: a critique” by Edixhoven et al. (2014) -, Phosphate reserves
and resources: what, conceptions and data do stakeholders need for, sustainable
action?” by R. W. Scholz and F.-W., Wellmer Friedrich-W. Earth System Dynamics
Discussions, 6, C4-C12.

Mew, M. (2015b). Phosphate rock costs, prices and resources interaction, 2015). Science of the
Total Environment, doi.org/10.1016/j.scitotenv.2015.08.045.

Miller, E., & Gill, D. (1986). Geostatistical ore-reserve estimation of the South York'am
phosphate deposit, Zin Valley, southern Israel. Transactions of The Institution of Mining
and Metallurgy Section A, 95, A1-A7.

Nothbaum, N., Scholz, R. W., & May, T. W. (1994). Probenplanung und Datenanalyse bei
kontaminierten Béden. [Planning the sampling and data analysis of contaminated soils].
Berlin: Schmidt.

Notholt, A. ]. G., Sheldon, R. P, & Davidson, D. F. (Eds.). (1989). Phosphate deposits of the World.
Volume 2: Phosphate rock resources. Cambridge: Cambridge University Press.

OCP. (1989). The phosphate basins of Morocco. In A. . G. Notholt, R. P. Sheldon & D. F.
Davidson (Eds.), Phosphate deposits of the world, Vol. 2. Cambridge: Cambridge
University Press.

OCP. (2014). New mines and new washing plants. Retrieved August 1, 2014, from
http://www.ocpgroup.ma/content/new-mines-and-new-washing-plants

Rustad, J. R. (2012). Peak Nothing: Recent trends in mineral resource production.
Environmenental Science and Technology, 46, 1903-1906.

Savage, C. (1987). World survey of phosphate deposits. London: British Sulphur Cooperation
Ltd.

Schodde, R. C. (2010). The key drivers behind resource growth: an analysis of the copper
industry over the last 100 years. Paper presented at the MEMS Conference Mineral and
Metal Markets over the Long Term. Joint Program with the SME Annual Meeting, March
3rd, 2010. Retrieved from http://www.minexconsulting.com/publications/Growth Factors
for Copper SME-MEMS March 2010.pdf

Scholz, R. W. (2011). Environmental literacy in science and society: From knowledge to
decisions. Cambridge: Cambridge University Press.

Scholz, R. W., Nothbaum, N., & May, T. W. (1994). Fixed and hypothesis-guided soil sampling
methods-principles, strategies and examples. In B. Markert (Ed.), Sampling of
environmental materials for trace analysis (pp. 335-345). New York, NY, Tokio: VCH
Publisher.

Scholz, R. W,, Roy, A. H,, Brand, F. S., Hellums, D. T., & Ulrich, A. E. (Eds.). (2014). Sustainable
phosphorus management: a global transdisciplinary roadmap. Berlin: Springer.

Scholz, R. W,, Roy, A. H., & Hellums, D. T. (2014). Sustainable phosphorus management: a
transdisciplinary challenge. In R. W. Scholz, A. H. Roy, F. S. Brand, D. T. Hellums & A. E.
Ulrich (Eds.), Sustainable phosphorus management: a global transdisciplinary roadmap
(pp- 1-113). Berlin: Springer.

Scholz, R. W., & Steiner, G. (2015). Transdisciplinarity at the crossroads. Sustainability Science,
10(4), 521-526.

Scholz, R. W., & Wellmer, F.-W. (2013). Approaching a dynamic view on the availability of
mineral resources: what we may learn from the case of phosphorus? Global
Environmental Change, 23, 11-27.

Scholz, R. W., & Wellmer, F.-W. (2015). Losses and use efficiencies along the phosphorus cycle.
Part 1: Dilemmata and losses on the mines and other nodes of the supply chain.
Resources Conservation & Recycling.

37


http://www.ocpgroup.ma/content/new-mines-and-new-washing-plants
http://www.minexconsulting.com/publications/Growth%20Factors%20for%20Copper%20SME-MEMS%20March%202010.pdf
http://www.minexconsulting.com/publications/Growth%20Factors%20for%20Copper%20SME-MEMS%20March%202010.pdf

Simon, H. A. (1955). A behavioral model of rational choice. Quarterly Journal of Economics(69),
99-118.

Standard South Africa. (2004). Guide to the systematic evaluation of coal resources and coal
reserves. Pretoria: SANS.

Steiner, G., Geissler, B., Watson, 1., & Mew, M. (2015). Efficiency development in phosphate
rock mining over the last three decades. Resources Conservation & Recycling,
DO0I110.1016/j.resconrec.2015.10.004.

Terrab, M. (2012). Personal communication, February 23.

Tilton, ]. E. (1977). The Future of nonfuel minerals. Washington, DC: The Brookings Institution.

UNFC. (2010). United Nations Framework Classification for Fossil Energy and Mineral Reserves
and Resources 2009. New York, NY: United Nations,.

USGS. (2010). Mineral Commodity Summaries 2010. Washington, DC: US Geological Survey.

USGS. (2014). Mineral Commodity Summaries 2014. Washington DC: US Geological Survey.

USGS, & USBM. (1980). Principles of a Resource/Reserve Classification for Minerals, USHS
Circular 882. Washington, DC.

USGS and USBM. (1980). Principles of a resource/reserve classification for minerals,
Geological Survey Circular 831.

USGS and USBM. (1982). Sedimentary Phosphate Resource Classification System of the U.S.
Bureau of Mines and the U.S. Geological Survey, USGS Circular 831. USGS and USBM.

Vaccari, D. A, & Strigul, N. (2011). Extrapolating phosphorus production to estimate resource
reserves. Chemosphere, 84(6), 792-797.

van Kauwenbergh, S.]. (2006). Fertilizer raw material resources of Africa. Muscle Shoals, AL:
IFDC.

van Kauwenbergh, S.]. (2010). World phosphate rock reserves and resources. Muscle Shoals,
AL: IFDC.

van Kauwenbergh, S.]. (2013). Transformative strategies for reducing excess nutrients in
waterways. Scope Newsletter, 98.

VFRC. (2012). Global research to nourish the world. A blueprint for food security. Washington,
D.C.: Virtual Fertilizer Research Center.

Weber, O., Delince, ., Duan, Y., Maene, L., McDaniels, T., Mew, M., et al. (2014). Trade and
finance as cross-cutting issues in the global phosphate and fertilizer market. In R. W.
Scholz, A. H. Roy, F. S. Brand, D. T. Hellums & A. E. Ulrich (Eds.), Sustainable phosphorus
management: a global transdisciplinary roadmap (pp. 275-294). Berlin: Springer.

Wellmer, F.-W. (1998). Statistical evaluations in exploration for mineral deposits. Berlin:
Springer.

Wellmer, F.-W. (2014). Inauguration speech for the presidentship of the Academy of
Geosciences and Geotechnology. Retrieved Sept. 9, 2014, from
http://www.geoakademie.de/pdf/Wellmer_2014.pdf

Wellmer, F.-W., & Becker-Platen, . D. (2002). Sustainable development and the exploitation of
mineral and energy resources: a review. International Journal of Earth Sciences, 91(5),
723-745.

Wellmer, F.-W., & Scholz, R. W. (2015). The right to know the geopotential of minerals for
ensuring food supply security: the case of phosphorus. Industrial Ecology, 19(1), 3-5.

Muss bei Scholz und Wellmer (2015) nicht "in print" stehen?

38

[Formatted: German (Germany)

)



http://www.geoakademie.de/pdf/Wellmer_2014.pdf

IORC muss 2012 sein, picht 2004 ( Formatted: Font: Bold

39



G Model
RECYCL-3124; No.of Pages5

Resources, Conservation and Recycling xxx (2015) XXX—XXX

Resources
Conservation &
Recycling

Contents lists available at ScienceDirect

Resources, Conservation and Recycling

journal homepage: www.elsevier.com/locate/resconrec

Editorial

Losses and efficiencies - From myths to data: Lessons learned from
sustainable phosphorus management

ABSTRACT

Loss management is efficiency management if we increase the output (product, outcome, yield, effect,
value) in relation to an input (or reference set) of an action. The phrasing “we have to efficiently produce
the right things” shows that efficiency is a means rather than an end. This special issue clarifies conceptual
issues and misconceptions around losses and efficiency for the case of phosphorus, a non-renewable (i.e.,
finite) and essential mineral that is indispensable for food and life. The contributions focus on phosphorus
mining, phosphorus fertilizer use, and the recycling of phosphorus from sewage and iron production. The
current state and trends of losses and efficiencies in mining are presented and discussed, including low
net use efficiency and total use efficiency. Papers on agriculture discuss the antagonistic relationships
between yield (i.e., efficacy) and efficiency in fertilisation and the necessity to aspire to a calibrated
nutrient balance, which also includes organic soil phosphorus pools. Papers on recycling sewage reveal
that phosphorus recycling from sewage and iron/steel production is not only technologically possible
but also may become economically feasible. A key message is that phosphorus management is a complex
issue that includes misconceptions, fallacies, trade-offs and dilemmas. To overcome and properly cope
with them, sustainable phosphorus management has to start from a comprehensive system model that
includes both the flows and the actors. Contributions to material flow analysis show how this can become
possible and how we may move from myths to data.

© 2015 Elsevier B.V. All rights reserved.

1. The role of science in dealing with the misconceptions,
fallacies, trade-offs, and dilemmas related to sustainable
phosphorus management: From myths to data

The topic of how losses and efficiencies should be defined and
the roles they play in sustainable resource management emerged
at the end of the Global TraPs Project (Global Transdisciplinary
Processes of Sustainable Phosphorus Management, 2011-2014,
www.globaltraps.ch). The transdisciplinary process that took place
among approximately one hundred key stakeholders from practice
and a somewhat larger number of scientists provided a comprehen-
sive system model of anthropogenic phosphorus use (Scholz et al.,
2014a). This supplyghain-based flow model enabled participants
to discuss critical phosphorus flows and to identify and roughly
assess major global dissipating flows to aquatic systems including
sensitive lakes, groundwater, and subsoil systems; stockpiling in
soils or subsoil systems; and intended and unintended stock build-
ing in waste disposal as well as hidden flows in industry and other
domains. One of the missions of these discussions was that loss and
efficiency management are key means of sustainable phosphorus
management.

The discussion also revealed a dazzling complexity of global
and regional natural anthropogenic phosphorus flows and a set of
misunderstandings, fallacies, trade-offs, and dilemmas related to

http://dx.doi.org/10.1016/j.resconrec.2015.10.005
0921-3449/© 2015 Elsevier B.V. All rights reserved.

phosphorus management. Three well-known fallacies are “we are
losing phosphorus”; “we will face a physical phosphorus scarcity soon”;
and “the uptake of phosphorus fertilizers is small and amounts to only
about 10-15%." Here, science and practice are challenged to cope
with the fallacies and to “replace . . . myths with credible data” (Lal,
2014, p. 935).

From a history of science and cognitive science perspective, sev-
eral misconceptions and fallacies can be easily overcome. Others,
unfortunately, require not only practitioners but also scientists to
acquire deeper system literacy and to understand the notions of
seemingly clear concepts such as reserves. The tremendous diffi-
culties encountered in understanding the Global Peak Phosphorus
Fallacy can be used as an example. This fallacy emerged from an
incorrect application of the Hubbert model! to global phosphate
rock production, and has its roots in two fundamental misconcep-
tions. One has been that the estimate of global reserves is taken as

1 The Hubbert model (Hubbert, 1956) postulates a symmetric curve of production

(and thus consumption). This model may be applied to single mines, given that all
produced minerals can be sold on the market. The case of Nauro may serve as an
example (Déry and Anderson, 2007). But it may not be applied on a global scale
for phosphorus (a detailed reasoning for this may be found in Scholz and Wellmer,
2015a).

Please cite this article in press as: Scholz, RW., Hirth, T., Losses and efficiencies - From myths to data: Lessons learned from sustainable
phosphorus management. Resour Conserv Recy (2015), http://dx.doi.org/10.1016/j.resconrec.2015.10.005
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a proxy for the ultimate recoverable resource (URR). The other is a
lack of understanding that global phosphorus production follows
not supply market but rather demand market mechanism (Scholz and
Wellmer, 2013).

Misapplications of the Hubbert curve culminated in the state-
ment that peak phosphorus would be reached in the year 2032
(Cordell et al., 2009). This application used an estimate of the global
reserves as a proxy (i.e., substitute) for the URR. But the estimates
of global reserves are a completely different entity than the URR.
Reserves are linked to a mining company’s business data and usu-
ally relate to a time range of 40-100 years. A company does not
need datafor longer time ranges. Reserves denote “phosphorus rock
which can be economically mined at the time of the determination
when using existing technologies” (Van Kauwenbergh et al., 2013,
p. 18). However, reserves are highly dynamic. They increase [non-
linearly, according to Lasky’s law (Lasky, 1950) there are usually
larger total amounts of minerals with lower grades, at least in the
range of grades which are of interest for mining (DeYoungJr., 1981)]
with prices, exploration, technology development, etc. Laypersons
- and obviously scientists and several scientific publications as well
- endorse the “fixed-pie fallacy of reserves.”? We can learn from this
that sustainable phosphorus management calls for going beyond
the material, physical systems and approaching sustainable man-
agement from a coupled system approach that includes supply and
demand dynamics. The contributions of this special issue deal with
several other fallacies.

2. Contributions of this special issue
2.1. There are large losses on the mines

The above-mentioned misperceptions that we are “losing
phosphorus” can be easily overcome if we refer to the basic knowl-
edge that no phosphorus atom is disappearing from our planet.
Humankind is losing high-grade phosphate rock ore bodies through
intense mining due to the dissipative nature of the anthropogenic
phosphorus cycle and the fact that the geological reformation of
large-scale phosphate takes many millions of years. But what about
the statement: “There are no losses in the mines.” What concept
of loss is being used here? The materialthephysieal; or the eco-
nomic value related concept? As some phosphate companies have
declared bankruptcy, the statement clearly does not refer to the
economic aspect. But what losses are we facing in primary mate-
rial recovery, i.e., in mining and beneficiation? What percentage is
lost? What amount of rock and tailings from a phosphate mine or
beneficiation plant that is not fed to the processing stage is lost in
the sense that future generations will have no economic access to
it? What strategies can mining companies adopt to improve the
total resource efficiency that defines the total amount that will
be extracted from an ore body? The introductory paper by Scholz
and Wellmer (2015b) deals with these questions and distinguishes
between absolute losses, possible losses, and delayed losses, each of
which call for different strategies in resource management. The
paper by Steiner et al. (2015) provides insights into the develop-
ment of efficiencies of mining companies in the last few decades.

2 Given the currently known reserves (Edixhoven et al.,2014; Scholz and Wellmer,
2015a) and the knowledge about the amount of resources that may become reserves
(Scholz and Wellmer, 2013), it is clear that a mining company may produce much
more phosphate rock than today’s market is consuming. Thus, we have a demand
market that may induce increases, decreases, or plateaus. Clearly, the mechanisms of
the economic systems have not been acknowledged in the Global Peak Phosphorus
Fallacy.

2.2. Average global ore grades are increasing, but most national
ore grade are decreasing

This special issue deals with misperceptions worthy of dis-
cussion. One of them is a common belief that the ore grades of
mined phosphorus are decreasing, as has been the case with cop-
per (Scholz and Wellmer, 2015a) and most other minerals. When
analyzing mining company data that cover about 90% of the global
PR mine and beneficiation capacities, Geissler et al. (2015) present
the counterintuitive result that, in the last three decades, the global
average grade of mined and beneficiated phosphorus increased by
22% (from 14.3% P,0s5 in 1983 to 17.5% P,0s5 in 2013). Here, a
closer analysis shows that in all major phosphate-rock producing
countries (besides South Africa and Brazil, both small producers),
the average ore grades have declined. However, the share of the
(relatively) high-grade producing country, China (e.g., increased
the capacity from 3.4 Mt PR/yr in 1983 to 160 Mt PR-M/yr in 2013;
PR-M for marketable phosphate rock production), increased dra-
matically. Here we encounter the well-known Simpson’s paradox
in statistics (Wagner, 1982). The phenomenon is that you may
perceive a certain trend of a parameter (e.g., a decline of average
grades) in all subgroups (e.g., mines and companies); however, if
these groups are combined, the total average shows the opposite
trend.? A useful summary of this may read as follows: In the last 30
years, the average grades of mined phosphate ores have increased
by 22%, although all countries producing large amounts are facing
slight decreases. The reason for this is that the share of the high ore-
grade producing country, China, jumped from a one-digit number
to 48% of the world’s production in 2013 (Jasinski, 2013).

2.3. We cannot increase the global efficiency of fertilizer use by
30% and the yield by 30%

Another fallacy communicated during the Phosphorus Summit
in Montpellier was that, “We will increase efficiency of phospho-
rus fertilizers by 30% and increase the yield by 30% globally.” Let us
refer to the common definition of phosphorus/nutrient use effi-
ciency as the ratio between the phosphorus in edible crops and
the phosphorus in organic and mineral fertilizers. The paper of
Scholz and Wellmer’s (2015c) provides evidence that we are fac-
ing a Joint Global 30:30 Efficiency-Efficacy Increase Fallacy (in brief
30:30 Fallacy), as such dynamics are unlikely with close to secu-
rity in the next decades. The statement does not acknowledge that,
in many regions of the world, for example Africa and East Europe,
we are facing very high phosphorus-use efficiency close to 100 per-
cent. Factually, this means that the soil in these countries has been
depleted or “mined” and shows a negative phosphorus balance.
The high phosphorus-use efficiency in these countries is due to
very low (phosphorus) fertilizer input and very low yields. This,
in turn, is related to specific and inconvenient system characteris-
tics, i.e., to the Law of Marginal Diminishing Returns (McNall, 1933).
According to this law, an increase of phosphorus fertilizer input will
induce (ceteris paribus, i.e., if no fundamental technology change
takes place) an increase in organismic systems such as crop pro-
duction following a concave, “logarithmically shaped” curve. This
is the opposite of the convex (Tayloristic) relationship of output
and efficiency (we become more efficient when we produce more),
which cannot be applied to crop production. In agriculture we face a

3 One can easily illustrate this fallacy: Imagine two companies that both show
a decline in ore grades: Company 1 decreases from 30% to 25% and Company 2
from 10% to 5%. Given that Company 1 increases the share of production from
10% to 90% and Company 2 decreases the share of production from 90% to 10%,
the average ore grade of both companies increases from 12% to 23% (i.e., from
0.30%*0.10+0.10% *0.90=12% to 0.25% * 0.90 +0.05% * 0.10 = 23%).

Please cite this article in press as: Scholz, RW., Hirth, T., Losses and efficiencies - From myths to data: Lessons learned from sustainable
phosphorus management. Resour Conserv Recy (2015), http://dx.doi.org/10.1016/j.resconrec.2015.10.005
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concave relationship between output and efficiency (and also
input and efficiency, as output and input are positively related).
Thus, mimicking the EU’s 20-20-20 climate target does not work.
Presumably, the 30:30 Fallacy goes beyond misperception and
represents a serious dilemma related to fertilizer use and the cur-
rent agricultural regime, which may call for more-fundamental
changes to allow for a closed supply-demand (CloSD loop) chain
loop management. We also think that science has to be careful
with high-level environmental targets as these may mislead policy
makers and the public.

2.4. Phosphorus nutrient efficiency can be high but it calls for
acknowledging organic soil phosphorus pools

Perhaps paradoxically, although the net use efficiency of phospho-
rus in the food chain is small (just less than 5% of the phosphorus
in fertilizers is digested; Scholz and Wellmer, 2015b), the peren-
nial uptake of phosphorus in crops is high and can go beyond 75%.
This is one key message of the paper by Roberts and Johnston
(2015). Another is that this calls for long-term application of best
agricultural practices (including the 4R reducing tillage, and/or
soil health principles) ghat have to be adjusted to the specifics of
soil, crops, and fertilizers (and other factors). But long-term soil
fertility requires more than mere input-output considerations of
(inorganic) mineral fertilizers. This is one message conveyed by
Dodd and Sharpley (2015) that soil organic phosphorus pools are
improving soil health and enriching the microbial biomass and
thus, presumably, the biodiversity of soils. Here, however, we are
facing a trade-off soil health and a higher risk of runoffs and losses
of phosphorus to water. Anyhow, from a sustainable soil manage-
ment perspective, it will be necessary to move towards integrated
soil management and the integration of organic and inorganic phos-
phorus fertilizers.

2.5. Are we facing a streetlight fallacy in phosphorus
management?

When dealing with the question “why are scientific studies so
often wrong?” David Friedman (Friedman, 2010) stressed that sci-
entists are often subjected to an observational bias that he calls the
streetlight effect. The term refers to a well-known joke. An inebri-
ated man was looking for his lost keys under a streetlight. After a
policeman helped him for some time in vain, he asked the man if he
was sure that he had lost the keys in this place. The man responded,
“No, I am not sure, but here’s the light.”

With respect to this bias, we first have to question whether we
are looking at the right flows. Currently, in some countries of Europe
such as Germany much - if not most - efforts are dedicated to
recycling of phosphorus from sewage, whereas the management of
phosphorus in mining and beneficiation has not been considered
for very long. Let us look at a simple rule-of-thumb calculation here.
If we assume that 35% of the phosphorus in mine deposits does not
enter the value chain (Scholz and Wellmer, 2015b), not only 28.6
Mt P (which refer to the 220 Mt phosphate P205 listed in USGS;
Jasinski, 2015) but 44.0 Mt P may be conceived as anthropogenic P
flows if excavated mining residues, unexcavated mining residues
(which switched from reserves to phosphate ore which is not eco-
nomically mineable), and tailings are included. This would mean
that 15.5 Mt P become losses each year in the mining operations.
In developed countries, about 1.5-2.0 mg P enters sewage plants
per day per person. If we assume that all world citizens live in

4 The 4R-nutrient management approach focusses the application of the Right
rate and the Right type of fertilizer in the Right place at the Right time (IFA, 2009;
Johnston and Bruulsema, 2014).

developed countries, this would result in an upper estimation of
4.0-5.3 Mt P of phosphorus in sewage. Factually, these flows are
smaller, as not all households are connected to sewage plants and
people in many developing countries consume less. Thus, much
effort is expended on a seemingly minor flow, whereas the mining
residues and tailings in mines may not receive enough attention.
But also flows from runoffs, erosion, insufficient manure man-
agement, etc. cause absolute losses, in particular from croplands
(Sharpley et al., 2013), which are globally still on a higher order
(Scholz et al., 2014b).

Three questions may help us to avoid a streetlight fallacy in
regard to phosphorus management:

(1) What are the main large anthropogenic phosphorus flows that
call for change? Are we focusing our efforts on right flows?

(2) By what means can these flows be changed?

(3) What are the costs of these changes/interventions, and what
impacts and possible rebound effects (i.e., secondary feedback
loops) could these interventions cause?

We may learn from this that for answering question (1) we
need a comprehensive system model. Material flow analysis (MFA)
has proven to be a powerful tool here if it shows a proper grain-
iness. This special issue offers charts on the global flows (Scholz
and Wellmer, 2015b) and on flows of eight European countries
(Jedelhauser and Binder, 2015; Klinglmair et al., 2015). The inter-
country comparison of Jedelhauser and Binder (2015) identifies
different clusters of European countries. The P-nutrient use effi-
ciency ranged from 61% in the Netherlands to 86% in Switzerland.
However, we should note that here a specific “MFA-shaped” effi-
ciency has been applied which not only includes fertilizers (as, e.g.,
the calculations of Sattari et al.,2012) but also compost and sewage,
and the output is not the P in edible crops but “P in fodder and
crop products”. This shows that efficiency scores depend on what
is taken as input and output as discussed in Scholz and Wellmer
(2015c). But the system boundaries also matter. Agricultural effi-
ciency scores refer only to the net phosphorus in the fertilizers
applied and do not include the losses on mines or fertilizer pro-
duction.

Likewise, we have to acknowledge that large shares of imported
nutrients are found not only in mineral fertilizers but also in feed
imports. The MFA of the Danish phosphorus flows provided by
Klinglmair et al. (2015) reveals that there is about three times as
much phosphorus in imported animal feed than in imported min-
eral fertilizers. Naturally, a large amount of it turns into manure.
But we are facing losses here, and we may also consider the hidden
losses of phosphorus in the countries where the feedstuff was pro-
duced when we assess efficiency scores. This shows that the system
boundaries matter when we answer question (2).

Another kind of streetlight fallacy may also be seen when taking
the imported mineral fertilizer as a reference point. One may often
hear the fallacious claim that a country’s agriculture may become
autonomous by fertilizer imports, as there are recycling options
that can substitute for all phosphorus in imported fertilizers. Here
the nutrients in feedstuff (see above), which become manure fer-
tilizer, are often forgotten. We have to learn to identify and cope
meaningfully with hidden flows. Here the study of Matsubae et al.
(2015) may be taken as example. This paper analyzes the hidden
phosphorus flows related to China’s and Japan’s heavy metal indus-
tries’ iron imports and processing. For instance, the hidden flows in
iron from China’s heavy industry make up about 1.6% of the global
mineral fertilizers, and - in principle - there are technologies that
enable access to these flows.

The question of how losses may be avoided and efficiency
may be increased (see question (3)) is a very challenging one.
There is no single answer that can be offered. But one answer is
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certainly that we have to switch (based on thorough examination)
to a system model “from flows to actors” (Scholz et al., 2014b, p. 81).
How this may be done is shown by Jedelhauser and Binder, who
sketch the actors and mechanisms involved in phosphorus man-
agement. Another perhaps more difficult issue is that of CloSD loop
management or circular economics, launched in industrial ecology
and economics (Pearce and Turner, 1990). But here we are facing the
barrier (3) that we are looking for technologies that could not only
work on a small scale but could also be considered economically
feasible on a large scale.

2.6. Sustainability competition among waste-water recycling
technologies

Since more than forty centuries manure, sewage, and other
wastes were subjected to sophisticated recycling processes through
organic farming (see King, 1911/2004). Today, however, increas-
ing urbanisation that includes immense sewage plants, large-scale
animal factory production, and numerous health concerns (e.g.,
heavy metals, medical waste, bacteria) makes using sewage as a
fertilizer inconvenient (e.g., avoiding odour exposure). Combined
with the historical trade-off between using faeces either as a fuel
or a fertilizer, this situation has promoted the development of
phosphorus-recycling technologies, particularly in the developed
world (Yarime et al., 2014). These technologies may provide an
alternative to re-gain the high recycling rates that we had 100
years ago under different constraints of agricultural production.
The paper by Egle et al. (2015) provides an overview of approxi-
mately 50 technologies designed for recovering phosphorus from
wastewater. These technologies include a myriad of biological,
chemical, and physical (sub-) processes, and they can be applied
to different stages of the human wastewater cycle. In addition,
they demonstrate a wide range of recovery efficiency and prop-
erties with respect to decreasing or eliminating pollution. Several
of these technologies are becoming more economical, but here, not
only the price of the recycled phosphorus (in the form of struvite,
which is extracted from normal wastewater at only a fraction of
the magnitude of 15-30% from the fluid phase) but also the contri-
bution to phosphorus extraction for energy savings in dewatering,
lower plant-maintenance costs, etc. can be accounted for Kabbe
et al. (2015). We should note that in some developed countries, in
particular the German and Dutch/Flemish speaking parts of Europe,
there may emerge kind of sustainability competition among a broad
range of recovery and recycling technologies. There are many pros
and cons to each type, and decisions about which technology is
preferable are met with many partly uncertain trade-offs, e.g.,
between chemical and energy inputs vs. recovery rate and depol-
lution/detoxification. This situation, therefore, most certainly calls
for the development of evaluation strategies and technologies. The
paper by Kleemann et al. (2015) is of interest here as it demon-
strates how different technologies in the case of the UK, i.e., struvite
extraction and phosphorus recovery from incinerated sewage, may
be combined to offer economically feasible solutions for phospho-
rus recovery.

3. Do we need more than a “triple-eff’-based phosphorus
management?

When most of the authors presented their first ideas or drafts
of the papers for this special issue in late October 2014 at a work-
shop at Fraunhofer IGB in Stuttgart, the participants confirmed the
general conclusion that reducing losses is a meaningful goal for
phosphorus management and that efficiency (eff 1) is a good means
but not an end. The primary goals (ends) of phosphorus use are food
and biomass production and the improvement and developments

of technical products (ranging from firebombs to fire-retarding
extinguishers), as well as more common uses such as removing
grease from clothes in laundries. This is why we introduced a sec-
ond eff, i.e., efficacy (eff 2). “Efficacy represents what we want to get
according to our intentions” (Scholz and Wellmer, 2015c). But the
inputs for getting what we want are always related to unintended
side effects or rebound effects. Sustainable phosphorus manage-
ment calls for anticipating the secondary feedback loops that are
linked to efficacy. Efficacy is the primary goal, but for properly
assessing the unintended side effects and negative environmental
impacts that emerge from excessive use and losses, the positive and
multiple negative impacts require an integrative evaluation that -
ideally - refers to a viable and resilient future of a respective human
system (ranging from the individual level to the company level
to society and to the human species). For this reason, Scholz and
Wellmer introduced a third eff, i.e., effectiveness (eff 3) or overall
utility.

Naturally, a challenging question is how we may approach this
triple-eff evaluation which is aimed to integrate different perspec-
tives, aspects, systems and subsystems, and time horizons.

The big challenges circle around questions such as should we
prioritise phosphorus recycling from mining residues, food and ani-
mal waste, sewage or manure or should be go beyond loss and
efficiency management. Questions whether the accumulation of
cadmium or uranium in agrosoil by mineral fertilizers or whether
people with kidney dysfunction should be protected by a phosphate
low phosphorus uptake are deeply related to values and priority
setting which go beyond natural science and science in general. An
integral evaluation of losses, efficiencies, and phosphorus manage-
ment calls not only for scientific sophistication and reasoning (from
myths to data) but also for experiential knowledge and wisdom
from practitioners. Furthermore, it requires an acknowledgement
of the specific interests of stakeholders who are concerned about
and who benefit from phosphorus use. We think that for meaning-
fully elaborating what means are feasible and what solutions may
work in real world contexts and constrains asks for a something
such as a transdisciplinary process (Scholz and Steiner, 2015a,b)
similar as it was applied in the Global TraPs project (Scholz et al.,
2014b). This special issue emerged from this project. We hope that
the contributions will be used in follow up processes targeting sus-
tainable phosphorus management.
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