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ABSTRACT
Wagner KJ. 2017. Preface: Advances in phosphorus inactivation. Lake Reserv Manage. 33:103–107.

Experience from more than 4 decades of phosphorus inactivation research, projects, and follow up
monitoring has led to improved understanding ofmechanisms and results that enhance the ability of
lake managers to control P availability in lake water and sediment. Recent advances derived largely
frommonitoring lakes treatedwith aluminumor lanthanumover an extended timehave shed light on
important factors in dose determination, binding efficiency, application processes, benefits of treat-
ment, andduration of benefits. Advances are embodied in 10 articles in this issue of Lake and Reservoir
Management that, alongwith important literature from the last 2 decades cited in those papers, docu-
ments improvement in our knowledge and application of P inactivation as a tool in lakemanagement.

Phosphorus (P) inactivation has been part of lake
management for more than 4 decades, a logical exten-
sion from use of coagulants in water and wastewater
treatment systems to remove a variety of impurities
(Cooke e al. 2005). Salts of aluminum (Al), iron (Fe),
and calcium (Ca) have been applied for many years,
joined more recently by lanthanum (La). The primary
use has been to inactivate P in surficial sediment
to prevent release into the overlying water column
(Cooke et al. 2005), but applications at lower doses
to strip P from the water column or inactivate P in
incoming storm water are becoming reliable mainte-
nance techniques (Harper et al. 1999, Wagner 2017).
Results from a combination of laboratory studies,
experimental environmental applications, and moni-
toring of lake treatments enhance our understanding
of P inactivation in lakes and further shape treatment
technologies and protocols.

Al, Ca, Fe, and organic matter are the major, natu-
ral binders of P in sediment. Al and La have become
the treatment binders of choice. Fe will release P under
anoxic conditions and is limited to use in P inactiva-
tion programs in which oxygen is maintained by oxy-
genation systems (Engstrom 2005). Ca can be added to
bind P in highly alkaline lakes (Murphy et al. 1993), but
negative impacts on biota at high treatment pH limits
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Ca applications. Nearly all of the applications of the last
decade have involved Al or La.

This themed issue of Lake and Reservoir Man-
agement intends to capture some of the P inactivation
advances of the last decade. The idea for this issue arose
from a set of presentations made at the November 2015
international symposium of the North American Lake
Management Society (NALMS) and a themed issue
of Water Research (Volume 97) that led to more
discussion and an expanded comprehension of P
inactivation processes and results, including improved
understanding of dose determination, binding effi-
ciency, application processes, treatment benefits, and
duration of benefits. Although more remains to be
learned, P inactivation projects can be improved based
on what we have learned in recent years.

Dose determination

Determination of the necessary dose for adequate P
inactivation in sediment is complicated by sediment
features, including the amount and forms of P tar-
geted for inactivation, quantity of compounds that
compete with P for binding sites (Huser and Pilgrim
2014, James and Bischoff 2015), sediment density that
affects penetration of applied P binders (James 2017),
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bioturbation that can increase the depth of mixing
(Huser et al. 2016a, Welch et al. 2017a), and remain-
ing P binding capacity over years after initial reac-
tions (Huser 2017, Welch et al. 2017a). Empirically,
it has been suggested that Al doses must be at least
10 times the targeted P mass (Jensen et al. 2015, Huser
et al. 2016b). A minimum ratio of Al:P mass of 10:1 is
supported by treatment results from Cape Cod, Mas-
sachusetts (Wagner et al. 2017), whereas higher Al:P
ratios may be necessary to overcome interferences and
inefficiencies in some lakes (Huser 2017, James 2017).

P inactivation seems to continue for multiple years
after initial application (Lewandowski et al. 2003,
Huser 2017, Welch et al. 2017a), suggesting that
increased dose can enhance longevity of results. James
(2017), however, found that a 150 g/m2 dose of Al failed
to penetrate far into the sediment of one lake, polymer-
izing at the surface and leavingmuch target P still avail-
able. The relationship between dose and frequency of
application warrants consideration in treatment plan-
ning and long-term management of P in lakes.

Laboratory assays have been developed to allow
determination of initial inactivation potential of any
given Al dose to site specific sediment (Rydin and
Welch 1999, Pilgrim et al. 2007, Wagner et al. 2017).
Doses for La applications, as an amended bentonite
clay mixture marketed as Phoslock, are also typically
determined by laboratory assay (Meis et al. 2012, 2013).
These assays are particularly helpful where the inacti-
vation of P is not linearly proportional to the dose of
binder because the percentage of targeted P that will be
inactivated can be determined at any given dose. Trans-
lating dose into cost, the marginal cost of each incre-
ment of dose increase and can be evaluated and the
internal P load reduction compared with project cost.

Actual doses of Al to lakes to inactivate mobile sed-
iment P have ranged from 10 to 150 g/m2 in projects
covered in this issue (James 2017, Wagner et al. 2017),
with an average close to 50 g/m2. Doses to inactivate
P in inflows or the water column of lakes are typi-
cally <10 mg/L (Pilgrim and Brezonik 2005, Wagner
2017). Doses of Phoslock to inactivate sediment P have
ranged from 140 to 670 g/m2 (Spears et al. 2016), while
actual and planned application rates for Canadian
lakes reported by Nürnberg (2017) ranged from 100
to 460 g/m2. Doses of Phoslock for water column P
stripping and supplemental sediment treatment were
190 g/m2 in repeated applications during a 9-year
study of a small bathing lake (Epe et al. 2017).

Binding efficiency

The binding efficiency of any binder is a critical aspect
of treatment planning and varies withmany factors, not
all of which are well understood. Both Al and La will
theoretically bind P at a 1:1 molar ratio, but interfer-
ence fromother elements can reduce that efficiency and
obtaining accurate measurements is not easy. Whether
the reaction is occurring in water or sediment affects
binding efficiency as well. Tracking Al:P ratios in sed-
iment following treatment has revealed that binding
efficiency increases over time (Huser 2017, Welch et al.
2017a). The eventual Al:P ratio in treated sediment is
usually <20:1, and often <10:1. Yet binding efficiency
is not constant over the range of mobile sediment P
mass (Huser and Pilgrim 2014, James and Bischoff
2015); cost per unit of P inactivated increases as mobile
sediment P mass decreases.

The observed binding ratio for Phoslock (clay
amendedwith La) to P in a range ofwaters from fresh to
brackish has been reported at 100:1 to 200:1 by weight
(Reitzel et al. 2013a). La is 5% of Phoslock by weight
and has a molecular weight of 139 compared to P at 31,
suggesting an La:Pmolar ratio of 1.1 to 2:1 for Phoslock
applications to water. Assessed binding ratios for La:P
in sediment have been higher (Reitzel et al. 2013b),
with a range of 3.8:1 to 40:1 calculated from available
data.

Despite uncertainty of binding ratios, they can be
factored into application planning. Doses in success-
ful Cape Cod treatments (Wagner et al. 2017) were 10
to 20 times the targeted P mass, consistent with the
Al:P binding ratios predicted according to the Huser
(2012) equation based onAl dose and slope. Underdos-
ing impacts effectiveness and longevity, whereas over-
dosing affects efficiency and cost; achieving balance is
a challenge, but we are gradually developing the tools
to enhance treatment planning.

Application processes

P binders have traditionally been applied from a barge
moving over the target area (Cooke et al. 2005), with
reactions occurring in the water column and after
the applied material settles onto the sediment surface.
Each Al product undergoes hydrolysis reactions when
applied to a lake that lead to coagulation that includes
P binding (Cooke et al. 2005). La is not a coagulant
but reacts with soluble reactive P to form a hydrous
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La phosphate called rhabdophane by ionic bond (Meis
et al. 2013). Most Al applications involve injection of
liquids that form a floc, whereas La is applied as part of
an amended bentonite clay slurry (Phoslock). Applied
Al or Phoslock is expected to settle from the water col-
umn in a matter of hours.

Lake applications for sediment treatment have gen-
erally been found to result in deposition to the target
area of sediment, although some drift outside the target
area is expected with any appreciable wind (Wagner
et al. 2017, Welch et al 2017b). Deposition to sediment
has been assumed to result in reactions in the upper
4–10 cm of sediment, but the distribution of Al can be
deeper (Welch et al. 2017a) or shallower (James 2017),
and follow up core sampling has been necessary to
evaluate penetration of Al into sediment. The vertical
distribution of La in sediment after treatment seems
similar to that of Al (Dithmer et al. 2016).

It has also been determined that Al may not stay
in the treatment area if the bottom has a significant
slope (Huser 2017). Novel application of Al described
by Schütz et al. (2017) involved injection of the Al into
the sediment, minimizing drift or focusing and poten-
tially controlling at least the initial depth of mixing
within the sediment.

Harper et al. (1999) pioneered storm water inflow
treatments to inactivate incoming P in Florida, and sys-
tems that pump Al into an inflow pipe, ditch, or stream
have become more widespread (Pilgrim and Brezonik
2005, Wagner 2017). In some cases, a retention pond
is provided to capture Al floc before it enters the lake,
whereas in others the floc is allowed to enter the lake
and settle onto target sediments where further P inac-
tivation can occur.

Water column applications of P binders have
been used as “maintenance” treatments, applied when
needed to strip P from the water column to mini-
mize algae blooms (Brattebo et al. 2017, Epe et al.
2017). These treatments can be conducted with the
same equipment as applications targeting the sediment
or can be coupled with circulation systems that can
mix the P binder if delivered to a diffuser in a feedline.
The target Al:P ratio of between 10:1 and 20:1 used for
most sediment treatments seems applicable to inflow
and water column treatments as well (Brattebo et al.
2017,Wagner 2017). The ratio of Phoslock to P inwater
column treatments by Epe et al. (2017) is estimated at
about 300:1 (15:1 for just the La) by weight, although
extra Phoslock was applied to further inactivate P in
sediment.

Treatments targeting the water column should be
conducted in advance of algae blooms for best results.
Al and La do not directly kill algae but instead limit P
availability; treating after a bloom has formed is not as
effective in the short term butmay still produce accept-
able results, and those results may improve over time
(Nürnberg and LaZerte 2016).

Benefits of treatment

In lakes where internal loading of P is a significant
source for algae, inactivation of mobile P in surficial
sediment has proven to reduce algae biomass in general
and limit blooms of cyanobacteria in particular (Cooke
et al. 2005, Wagner et al. 2017). The impact on nitro-
gen (N) fromP inactivation treatments is less, although
more loss of inorganic N is reported for Phoslock (Epe
et al. 2017) than for Al (Wagner et al. 2017). N:P ratios
in lakes have been raised by Al (Wagner et al. 2017)
or La (Douglas et al. 2016) treatments, favoring algae
other than cyanobacteria.

P-stripping maintenance treatments for the water
column or inflowsmay provide acceptable results, even
when external sources have not been adequately con-
trolled (Brattebo et al. 2017, Epe et al. 2017, Wagner
2017). Watershed management to control the sources
of P would be preferable, but is not always feasi-
ble because of cost, jurisdictional issues, or compet-
ing management goals (Rissman and Carpenter 2015,
Huser et al. 2016c). Maintenance treatment can pro-
vide more immediate relief than watershed manage-
ment and may be used as an interim measure until
watershed management can be fully implemented.

An additional benefit from P inactivation is reduced
oxygen demand. Cape Cod lakes experienced reduced
oxygen demand in the hypolimnion after Al treatment
(Wagner et al. 2017). Sediment oxygen demand is
not completely countered by such treatments, but
the lower deposition of decaying algae results in
lower oxygen demand, sometimes preventing com-
plete hypolimnetic anoxia during stratification and
providing suitable habitat for coldwater fish.

Duration of benefits

The longevity of benefits for Al treatments for sediment
P inactivation described by Welch and Cooke (1999)
were revisited in an expanded analysis by Huser et al.
(2016b). Duration of reduced P and chlorophyll a with
increased water clarity were found to average about
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6 years for unstratified lakes and 21 years for stratified
lakes. Failures relate mainly to inadequate dosing or
continued external inputs of a magnitudemuch greater
than the internal load. The duration of benefits from
Phoslock treatments is not as well known, simply
because it has not been available as long as Al prod-
ucts, but available reviews (Copetti et al. 2016, Dithmer
et al. 2016, Spears et al. 2016) suggest many of the same
benefits as Al treatments for a decade or more so far.
The duration of benefits for inflow and water column
treatments is shorter than for sediment P inactivation,
usually ∼1–3 years (Epe et al. 2017, Wagner 2017).

The mechanisms by which benefits are curtailed
are now better understood. Certainly continued inputs
from watersheds are important, and gradual burial of
the treated sediment will lead to renewed internal load-
ing, but that process seems to be slow in stratified
lakes and where the watershed:lake area ratio is low
(Huser et al. 2016b). Two internal mechanisms that
control internal P loading after treatment are upward
migration of P from below the inactivated zone in the
sediment (Lewandowski et al. 2003, James 2017) and
release fromorganicmatter throughdecay (Jensen et al.
2015). Both can be important P sources and are likely
to contribute in most lakes.

Conclusion

Many researchers and lake managers have contributed
to the advancement of our knowledge of P inacti-
vation over the last 2 decades, and those efforts are
acknowledged and appreciated. Ongoing discussions
and collaboration among the authors who contributed
to this themed issue of Lake and Reservoir Manage-
ment are expected to further our understanding. Con-
tinued monitoring of treated lakes will be important to
provide data that will further characterize the range of
results and their duration. Continued experimentation
is important to elucidatingmechanisms associatedwith
results and eventual diminishment of benefits. There is
indeedmore to learn to allow best application of P inac-
tivation in lake management.

Advancements to date, however, have allowed prac-
titioners to better plan and execute P inactivation
projects, and the papers in this issue exemplify those
advancements. We have a reasonable sense for the
range of effective doses and likely binding efficiency
over time. Application techniques have been improved
and negative impacts of treatments have been greatly
reduced. Benefits have been documented and the

duration of benefits has been bracketed. We better
understand how benefits eventually diminish and
can plan for long-term management programs that
enhance cost effectiveness. Although still not a mature
science, P inactivation can be reliably used in lake
management.
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