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aBStRact	 Phosphorus (P) is the limiting nutrient controlling productivity in most inland freshwater systems. Several mate-
rials have been proposed for use to remove excess P from wastewater treatment, including volcanic lapilli and ash (tephra). There 
is limited data in using tephra as a P filter. There were two objectives of this study: 1) to determine the physical feasibility of tephra 
as a filter making sure the infiltration rate remains high enough to use under prolonged saturation, and 2) to test the suitability 
of volcanic tephra as a medium for removing P from an artificial solution on two different volcanic tephra materials: Okato and 
Papakai tephra. The experiment used a synthetic P influent solution (20.5 mg P/L) and a solution residence time in the columns 
of approximately 3 hours. By the end of the experiment infiltration in both tephras was adequate for use in wastewater treatment 
systems. The Okato tephra absorbed nearly 8 mg P/g tephra with 97% of the total amount of P added to the column over a 54 day 
period. The Papakai tephra absorbed only 4 mg P/g with a 52% of the total P added to the column.

Copyright © 2010 by the American Society of Agronomy. All rights reserved. No part of this periodical may be reproduced or transmitted in 
any form or by any means, electronic or mechanical, including photocopying, recording, or any information storage and retrieval system, 
without permission in writing from the publisher.
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systems, and are capable of providing effective long term 
treatment and that are not maintenance intensive. The 
main deterrents of treating the P levels with artificial chemi-
cal dosing or activated sludge suited for P removal are the 
high costs incurred (Ryden and Syers, 1975). Therefore, 
there is a need for practical, cost effective, P removing 
system.

Several studies have been conducted using different 
P removal materials from wastewater: including the use 
of iron and aluminium oxides (Baker et al., 1998; Parfitt, 
1989), arc furnace steel slag (Drizo et al., 2006; Shilton et 
al., 2006), and natural minerals like allophane, found in vol-
canic tephra (Hanly et al., 2008; Ryden and Syers, 1975). 
Tephra is any material (ash, lapilli, etc.) during a volcanic 
eruption that is transferred from the crater through the air 
(Neall, 1972). These natural materials are high in alumino-
silicates, giving them a high P-absorbing capacity (Ryden 
and Syers, 1975).

Tephra may be a good option in removing excess P 
from wastewater treatment systems. New Zealand, espe-
cially the North Island, has abundant naturally occurring 
allophanic minerals due to recent and past volcanic activ-
ity, such as moderately weathered materials derived from 
volcanic tephra (Hanly et al., 2008), that can be used for 
their P removal capacities. However, not all tephras have an 
equal ability to absorb P (Table 1). Ryden and Syers (1975) 
found P removal ranged from 0 to 97%, with the tephra 
derived from rhyolitic eruptions giving lower values than 
the andesitic tephra. Hanly et al. (2008) used tephra to 
remove excess P from dairy effluent, and found the tephra 
was successful in removing P. The presence of Fe, hydrox-
ides, as well as the degree of weathering has been shown 
to influence P sorption capacity (Parfitt, 1989).

Phosphorus (P) is the limiting nutrient controlling produc-
tivity in most inland freshwater systems. Surface waters 

receiving excess inputs of nutrients, especially P, are prone 
to eutrophication and algal growth (Baker et al., 1998), 
declining recreational and environmental quality. The 
Manawatu River and its tributaries on the southern plains of 
the North Island of New Zealand (Fig. 1) are no exception 
to this process. MacArthur and Clark (2007) reported that 
phosphorus loads in the Lower Manawatu and Oroua River, 
a tributary of the Manawatu, are alarmingly high.

The largest contributor on water quality in the 
Manawatu–Wanganui region is often the discharge of 
treated sewage to water. Dairy has historically been a con-
tributor of direct P discharge; however, direct P discharge 
from dairies has been reduced by council regulations, and 
is often applied directly to agricultural land sources (MacAr-
thur and Clark, 2007). In 2007 53% of sites sampled in the 
Manawatu River basin exceeded council recommended P 
levels. Much of this excess is contributed by point dis-
charge, like treated sewage (MacArthur and Clark, 2007).

Phosphorus removal systems are a potential way of miti-
gating this problem, and targeting wastewater discharge 
is a logical solution. Ideally, P treatment systems need to 
be economically viable, technically compatible with current 
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There are some problems associated with P absorbing 
materials. The main factor influencing the effluent P levels 
are the absorption and precipitation reaction between the P 
and the media (Drizo et al., 1999, 2002; Arias et al., 2001). 
Initially, the absorption of P is high, but as the media 
becomes saturated, the absorption drops off sharply (Hanly 
et al. 2008). Determining the point when the P system 
becomes ineffective is necessary for practical application, as 
it dictates how often the system has to be replaced (Drizo 
et al., 1999, 2002). If volcanic tephra is not effective long 
enough, using this media as a filtration media would not be 
practical. When the P sorption capacity in tephra is reached, 
the fully sorbed substrate needs to be washed or replaced 
(Drizo et al., 2002), which is time consuming and, if it 
needs to be done frequently, is inefficient and can be costly.

Another factor determining the practicality in using 
tephra as a P removal device is the infiltration rate. Tephra 
has numerous smaller particles that can settle and clog the 
exit area of the filter. This creates a slower hydraulic con-
ductivity, which can generate restricted flow or bypass flow 
around the outside of material, creating insufficient contact 
between the media and the wastewater (Drizo et al., 1999) 
as well as rendering the system inefficient.

There is limited data in using tephra as a P filter. There 
were two objectives of this study: 1) to determine the 
physical feasibility of tephra as a filter making sure the infil-
tration rate remains high enough to use under prolonged 
saturation, and 2) to test the suitability of volcanic tephra 
as a medium for removing P from an artificial solution on 
two different volcanic tephra materials.

Methods
Two different types of tephra were analyzed for their P 

removal capacity and infiltration levels, Okato and Papakai 
tephra. The Papakai tephra was a tephra collected from the 
Papakai formation in the Mangatoetoenui Quarry (Fig. 1) 
(Hanly et al. 2008). This quarry is part of the Tongariro Vol-
canic Centre, which was a large andesitic cone in the centre 
of the North Island (Donoghue et al., 1995). The Papakai 
tephra had a P removal value of 83% (Saunders, 1965) and 
a pH of 6.3 (Hanly et al., 2008). The Okato tephra was a 
moderately weathered andesitic tephra collected from the 
Egmont Volcanic Shower formation (Neall, 1972) in the 
North West Taranaki region from a road cut off Carrington 
Road near the town of Okaura. Ryden and Syers (1975) 
reported this tephra had a pH of 5.7 and a P removal value 
of 94% in a dried sample.

Both tephras were air dried, since Ryden and Syers 
(1975) found that air drying increased the amount of P 
sorbed by the central North Island tephra. The tephra was 
dried; it was sieved through a 2 mm sieve to retain the 
smaller materials. Zhu et al. (1997) found that smaller 
material is found to have the highest P retention ability due 
to a higher surface area. The fraction greater than 2 mm 
was discarded.

Fig.	1.	New Zealand North Island. This is a map of the 
North Island of New Zealand showing the four major vol-
canoes. The Manawatu River and its major tributaries are 
located on the Southern portion of the North Island.

table	1.	Different Tephra P Absorbance Characteristics. 
This table demonstrates the P absorbance and mineral 
concentration of ten different volcanic tephras on the North 
Island. The amount of P sorbed from a 5 mg P/g solution 
(Ryden and Syers, 1975). The amount of P sorbed is highly 
variable. The Andesitic tephra, in most cases, has a much 
higher P absorption level then the rhyolytic tephra.

Tephra
Mineral 

composition† Added P sorbed dried %
Te Rere R 4

Rotorua R 36

Taupo R 0

Waiohau R 11

Rerewhakaaita R 18

Whatatane R 33

Hamilton A 16

Okato A 94

Okura A 80

Papakai‡ A 83

† A, Andesitic; R, Rhyolytic.

‡ Source: Hanly et al., 2008.



42	 Journal	of	Natural	Resources	&	Life	Sciences	Education	•	Volume	39	2010	

st
u
d
e
n
t	
e
ss
a
y

Infiltration
Infiltration tests were conducted to ascertain if the 

infiltration levels cease to become sufficient. The columns 
used were 7 cm internal diameter. The Okato tephra was 
packed to a depth of 17 cm with a head of 17 cm, and the 
Papakai tephra was packed to a depth of 20 cm, with a 
head of 20 cm. The difference was contributed to different 
material availability. Flow to the columns was unintention-
ally stopped for short periods intermittently, created by 
faucet irregularities. Two columns were run for each tephra, 
suspended vertically in a sink, with water from the tap to 
provide a constant water supply. The infiltration was slower 
than the tap water flow, and the water was allowed to 
overflow, maintaining a constant head. At various intervals, 
the constant water flow was stopped, and infiltration was 
measured with a falling head (Klute and Dirksen, 1986) 
over a 17 day period.

Phosphorus Absorption Test
Four columns with an internal diameter of 5 cm were set 

up, and tephra was packed to a depth of 20 cm. Two rep-
licates of each type of tephra were used. Each column was 
lubricated with silicon and had a layer of cotton balls on the 
soil surface to reduce preferential flow, and hung vertically. 
Each column had a reservoir of 20.5 mg P/L of synthetic P 
solution that was created by dissolving powdered KH2PO4 
into distilled water.

Solution flow rate into each column was 1.2 mL/minute, 
administered continually through 3 mm tubing connected 
to a multi channel pump, which led to a retention time 
of nearly three hours. This experiment was run continu-
ously for 54 days. Samples of solution exiting each column 
were collected at regular daily intervals. The difference in 
concentration between the influent solution and effluent 
solution was assumed to be absorbed by the tephra mate-
rial. There was no tephra particles present in the effluent 
solution. Each time the 20 L reservoir was refilled, the 
influent P solution was tested for uniformity. P levels were 
analyzed using the colorimetric reagent method described 
by Murphy and Riley (1962) on a Technician segmented 
flow autoanalyzer.

Results and Discussion
Infiltration

The flow of solution through the media is critical to the 
longevity of the tephra filter system. Optimal infiltration 
rates to handle the wastewater output of communities 
depend on the size of the filters created and the amount of 
wastewater generated by the town. For the lab infiltrations 
it was determined that 40 mm/hr was an adequate level. 
Both types of tephra maintained an adequate infiltration 
rate after three weeks of infiltration, indicating that physical 
parameters do not hinder the use of tephra as a filter.

After a 50 hour period, both tephras exhibited stabiliza-
tion in infiltration rate, after a rapid decline, as the material 
became more saturated and the finer particles settled into 
the pores. At the end of the trials, the infiltration rate had 
fallen to 375 mm/hr for the Okato tephra and 218 mm/hr 
for the Papakai tephra. Both these values are well above 

the 40 mm/hr recommended. However, further study is 
necessary to determine if these infiltration rates will be 
sustained for longer periods of up to a year, which is the 
likely practical longevity of a filter system. A slower hydrau-
lic retention time may actually be beneficial to P absorp-
tion. Drizo et al. (2006) found that two of their P removal 
columns started to clog, diminishing the flow rate and 
increasing hydraulic retention time. This 2.5-fold increase in 
retention time led to an increase in the P removal efficiency, 
boosting the removal of P to near 100%.

Phosphorus Adsorption Capacity
The two tephras demonstrated highly different P absorp-

tion capacity. After a 54 day P loading period, a total of 
1915 mg P was passed through all columns. When the 
study was stopped the final Okato tephra effluent P concen-
tration was 4 mg/L. The tephra was still removing 80% of 
the influent solution added (Fig. 2). When the experiment 
was terminated, the Papakai tephra effluent P concentration 
was at 16.5 mg/L, therefore only around 20% of the of the 
influent solution was being removed. The Papakai tephra 
exhibited a steep drop in P absorption capacity after only 
13 days. The Papakai tephra only absorbed around 3 mg 
P/g before decreasing below an average of 50% P removal 
efficiency.

Over the duration of the study the Okato tephra 
absorbed nearly 8 mg P/g (±0.024) (Fig. 3). Toward the 
end of the experiment, the level of P sorption started to 
drop off, but still remains at about 97% of the total amount 
of P added to the column. The Papakai tephra had a P sorp-
tion level of 4 mg P/g (±0.144); however, it only removed 
52% of the total P added to the column over the duration.

The P removal efficiency of the tephra is very impor-
tant to the total longevity of the filter system. The reten-
tion time of nearly three hours used was much faster of a 
rate than most previous studies. Drizo et al. (2002) used 
a 12 hour retention time, and an EAF steel slag material, 
which removed a total mass of 2.4 mg P/g of slag was 
absorbed with 100% efficiency. However, when the reten-
tion time was decreased to 8 hours, the same material 
was able to retain only 1.4 mg P/g before saturation (Drizo 
et al., 2006). These results indicate a potentially higher P 
absorption rate for a longer retention time, especially in the 
Papakai tephra. Both types of tephra, the Papakai, and the 
Okato, were still at 100% efficiency at 2.4 mg P/g, and the 
Okato was at 100% efficiency after absorbing 2.5 times as 
much P as the steel slag.

Hanly et al. (2008) also used Papakai tephra in columns 
to determine P loading. With a particle size between 1 and 
2 mm, an influent solution of 12 mg P/L, and a 35 minute 
retention time, the Papakai tephra in that trial absorbed 
only 1.5 mg P/g, and was at 58% cumulative absorption, 
which is only slightly above this trials value of around 
50%. The longevity of our system could be contributed to 
the slower retention time, and presence of smaller tephra 
particles.

The absorption of P in tephra is also pH dependent (Mul-
jadi et al., 1966; Hingston et al., 1968), with lower values 
being able to absorb more P levels. The Okato tephra pH 
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was five times lower than the Papakai tephra. This should 
not be responsible for such a large difference in P absorp-
tion ability, but the efficiency of the Papakai tephra may be 
increased in the presence of H+ atoms to reduce pH. This 
experimental system was created using artificial P solu-
tions. Actual effluent systems have a much higher pH level 
(around 8) and weakly dissolved organic ions, which may 
depress the sorption curves and abilities of the tephra (Deb 
and Datta, 1967).

In the New Zealand untreated wastewater usually has a 
dissolved reactive phosphorus (DRP) value between 5 and 
15 mg/L (Barnett and Orminson, 2007). A pilot study is 
required to assess the effectiveness of tephra for removing 
P from actual wastewater. The amount of tephra needed 
for a wastewater treatment system depends on the town 
size and total discharge. For a small town with a discharge 
of around 1300 m3 per day and an estimated DRP of 5 
mg/L would generate 6.5 kg P per day. With 300 tons of 

Fig.	3.	P Added vs. Absorbed 
in Two Tephras. This graph 
demonstrates the mean esti-
mated cumulative P absorbed 
by the Okato and Papakai teph-
ras compared with the quantity 
of P added to the column (20.5 
mg P/L influent solution and 
nearly a three hour retention 
time). The Okato tephra is 
still near 100% absorption on 
a cumulative basis, and the 
Papakai has fallen to about 
50% cumulatively. The stan-
dard error bars are included.

Fig.	2.	Total Effluent P Concentration. This graph demonstrates the total influent P added to the system in comparison to the 
P concentration levels in the discharge. The Okato tephra has absorbed 6 mg P/g soil before showing any signs of decrease, 
and removes around 80% of the influent P levels. The Papakai tephra has absorbed only 3 mg P/g soil before passing into the 
poor absorbance category, and currently only removes 20% of the influent concentration of 20.5 ppm after 54 days.
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removal by EAF steel slag: A parameter for the estimation of 
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Drizo A., C.A. Frost, J. Grace, and K.A. Smith. 1999. Physio-
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doi:10.1016/S0043-1354(99)00082-2

Hanly, J.A., M.J. Hedley, and D.J. Horne. 2008. Evaluation of tephra 
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Australian J. Soil Res. 46:542–551. doi:10.1071/SR07205
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doi:10.1038/2151459a0

Klute A., and C. Dirksen. 1986. Hydraulic conductivity and diffusiv-
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sis. Part 1. ASA, Madison WI. 

MacArthur, K., and M. Clark. 2007. Nitrogen and phosphorus loads 
to rivers in the Manawatu–Wanganui Region: An analysis of 
low flow state. Tech. Rep. to Support Policy Development. New 
Horizons Regional Council. Rep. 2007/EXT/793.

Muljadi, D., A.M. Posner, and J.P. Quirk. 1966. The mechanism of 
phosphate absorption by Kaolinite, Gibbsite, and Pseudobohe-
mite. J. Soil Sci. 17:212–229. doi:10.1111/j.1365-2389.1966.
tb01467.x

Murphy, J., and J.P. Riley. 1962. A modified single solution method 
for determination of phosphate in natural waters. Anal. Chim. 
Acta 27:31–36. doi:10.1016/S0003-2670(00)88444-5

Neall, V.E. 1972. Tephrochronology and tephrostratigraphy of West-
ern Taranaki (N108-109), New Zealand. N. Z. J. Geol. Geophys. 
15(4):507–557.

Parfitt, R.L. 1989. Phosphate reactions with natural allo-
phane ferrihydrite and goethite. J. Soil Sci. 19:359–369. 
doi:10.1111/j.1365-2389.1989.tb01280.x

Ryden, J.C., and J.K. Syers. 1975. Use of tephra for the removal of 
dissolved inorganic phosphate from sewage effluent. N. Z. J. 
Sci. 18:3–16.

Saunders, W.M.H. 1965. Phosphate retention by New Zealand soils 
and its relationships to free sesquioxides, organic matter, and 
other soil properties. N.Z. J. Agric. Res. 8:30–57.

Shilton, A.N., I. Elmetri, A. Drizo, S. Pratt, R.G. Haverkamp, and 
S.C. Bilby. 2006. Phosphorus removal by an ‘active’ slag filter-
a decade of full scale experience. Water Res. 40:113–118. 
doi:10.1016/j.watres.2005.11.002

Zhu, T., P.D. Jenssen, T. Maehlum, and T. Krogstad. 1997. Phos-
phorus sorption and chemical characteristics of lightweight 
aggregates (LWA): Potential filter media in treatment wet-
lands. Water Sci. Technol. 35:103–108. doi:10.1016/S0273-
1223(97)00058-9

Okato tephra, an estimated 100% of DRP can be removed 
for the year. This is around 2,375 kg of P per year, not in 
the waterways. When the P absorption is exhausted, the 
material can be applied to agricultural land as a captured 
P source. Further research is needed to determine uses 
for the used tephra, but an amendment for pine plantation 
soils is a possibility.

Conclusions
The aim of this study was to determine the suitability of 

two different types of tephra, Okato and Papakai as a media 
for removing P from small town wastewater treatment 
systems, as well as the physical suitability of both types 
of tephra on infiltration. Both types of tephra maintained a 
satisfactory infiltration for use in a small town wastewater 
treatment system, though a longer pilot study is needed. 
The Okato tephra is a very effective media for removing P 
from a system, achieving an 8 kg P absorbed per metric 
ton of tephra with 97% P removal of influent P. The Papakai 
tephra absorbed 4 kg P absorbed per metric tonne with 
an average removal of 52%, losing its efficiency as a filter 
much faster than the Okato. The Manawatu and its tribu-
taries have high levels of P, impacting on recreational and 
environmental value. Using a natural material to filter out P 
from small town wastewater treatment systems is possible 
with the Okato tephra. In practical application, it would take 
300 tons of tephra to remove DRP for a year’s worth for 
1300 m3 at 5 mg/L.
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