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Abstract

Although phosphate (PO,¥) may play a decisive role in enriching toxic arsenic (As) in the groundwater
of many Asian deltas, knowledge gaps exist regarding its interactions with As. This study investigates
the simultaneous immobilisation of PO43' and As in aquifer sediments at a redox transition zone in the
Red River Delta of Vietham. The majority of PO,* and As was found to be structurally bound in layers
of Fe(lll)-(oxyhydr)oxide precipitates, indicating that their formation represents a dominant
immobilisation mechanism. This immobilisation was also closely linked to sorption. In the surface
sorbed sediment pools, the molar ratios of total P to As were one order of magnitude higher than
found in groundwater, reflecting a preferential sorption of PO, over As. However, this competitive
sorption was largely dependent on the presence of Fe(lll)-(oxyhydr)oxides. Ongoing contact of the
aquifer sediments with iron-reducing groundwater resulted in the reductive dissolution of weakly
crystalline Fe(lll)-(oxyhydr)oxides, which was accompanied by decreased competition for sorption
sites between PO,> and As. Our results emphasise that, to be successful in the medium and long
term, remediation approaches and management strategies need to consider competitive sorption

between PO, and As and dynamics of the biogeochemical Fe-cycle .

1. Introduction

Phosphate (PO43') plays a decisive role in enriching toxic arsenic (As) in the groundwater of many
Asian countries (e.g., Bangladesh, Cambodia, China, India, Vietham) and elsewhere [1-4], but there
are considerable knowledge gaps regarding its transport behaviour and interactions with As [5].
Remarkably high PO,> and As concentrations occur in anoxic groundwater of floodplain aquifers in
large Asian deltas, such as the Bengal Delta or the Red River Delta [5, 6], where the widespread
enrichment of geogenic As in groundwater represents a major health threat to the local population,

which often relies on groundwater for drinking and irrigation [7, 8]. While the presence of As in



groundwater has been thoroughly investigated over the past two decades, less is known about the
simultaneous enrichment of PO,>. In floodplain aquifers, PO,* can be mobilised in situ through
microbial mineralisation of natural organic matter that is embedded in the sedimentary deposits,
thereby converting organic phosphorus (P) into PO, [9]. Microbial cycling of organic matter may
also be coupled to the reductive dissolution of Fe(lll)-(oxyhydr)oxides, which represent an important
PO,> host phase in aquifer and lake sediments [5, 10]. The reductive dissolution of Fe(lll)-
(oxyhydr)oxides is not only relevant for the geogenic release of As, but is also responsible for the

mobilisation of PO, into groundwater of Asian floodplain aquifers [5, 11, 12].

After input or in situ mobilisation, subsequent biogeochemical processes and anthropogenic activities
control the mobility of PO,* and As in aquifers. For example, groundwater abstraction has a strong
impact on the distribution of PO,> and As in groundwater, especially in Asian floodplains [13, 14].
Here, groundwater represents not only the primary source for drinking water, but is also increasingly
used for irrigation [15, 16]. Groundwater flow directions may change on local or regional scale
because of extensive pumping activities causing anoxic PO,>- and As-rich groundwater to migrate
into less reducing aquifers as reported for large areas in the Bengal Delta and the Red River Delta
[13, 17]. In redox transition zones, dissolved PO,> and As can be efficiently immobilised in aquifer

sediments, as observed at the Van Phuc field site in the Red River Delta [5, 18].

Valuable insight into the processes underlying PO,* and As immobilisation can be gained from redox
transition zones. Such knowledge can help facilitate effective remediation of contaminated aquifers,
where PO,® and As can remain mobile for decades or longer, substantially worsening the
groundwater quality [13, 19-21]. Increased PO, concentrations in groundwater are also problematic
because of the potential eutrophication of receiving surface water bodies [20, 22, 23]. To date, few
studies have investigated PO,> immobilisation mechanisms in aquifers [10, 20, 24-27]. Multiple
immobilisation processes may control groundwater PO,* concentrations, such as (co-)precipitation
with secondary Ca- and Fe(ll)-minerals (e.g. calcium phosphates, siderite, vivianite) and the sorption
to surfaces of primary and secondary minerals (e.g. metal-(oxyhydr)oxides, clay minerals) [27, 28].
Robertson [25] and Harman et al. [29] investigated the movement of PO,* plumes in sandy aquifers
under anoxic conditions, and concluded that sorption processes were the only relevant PO,>
immobilisation mechanism at their study sites. Furthermore, PO, sorption can be partially reversible

and strongly influenced by pH and competition with other oxyanions for sorption sites [20, 27]. In
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particular, oxyanions of the toxic element As are competing species under iron-reducing conditions. In
Asian Delta regions groundwater, dissolved As is often highly enriched in the form of inorganic
arsenite (AsO;f") and arsenate (AsO43') [30]. Surface complexation models suggested that dissolved
As would entirely adsorb to the aquifer sediments in the absence of PO,* [1, 2]. However, the

interaction between PO43' and As under natural conditions has not yet been studied in detail.

This study investigated the processes underlying PO,> and As immobilisation at a pronounced redox
transition zone at the Van Phuc field site in the Red River floodplain near Hanoi. Here, the aquifer
sediments are subject to a change in colour from orange to grey, reflecting a transition in the redox
properties owing to continuous contact with reducing groundwater that carries elevated PO,>, As, and
Fe®* concentrations. This setting allowed us to investigate the influence of redox properties on the

immobilization of PO43' and As.

2. Study site

Our study site is located near the village of Van Phuc (20°55'7.00"N, 105°53'55.00"E) in the floodplain
of the Red River, about 15 km southeast of the Hanoi metropolitan area. Groundwater abstraction for
the Hanoi drinking water supply changed the local groundwater flow direction most likely 50 to 60
years ago [31]. As a result, anoxic groundwater migrates laterally, currently about 40 m per year, from
a reduced Holocene aquifer into an adjacent Pleistocene aquifer [31]. Migrating groundwater from the
Holocene aquifer is characterised by a low redox potential (E;, of -5 to +118 mV), a near-neutral pH,
and comparatively high concentrations of dissolved Fe?* (>0.10 mg L™), AsOz* (>0.10 mg L), and
PO, (>1.50 mg L) [5, 32]. Dissolved PO, represents the dominant, if not sole P species in

groundwater.

The Pleistocene aquifer ranges to approximately 45 m below the surface (bls) and is covered by a 15
to 22 m thick aquitard of clayey and silty deposits [33, 34]. Continuous contact with the anoxic
groundwater has led to changed redox conditions in the Pleistocene aquifer within an approximately
120 m wide transition zone [31]. According to groundwater monitoring data, dissolved PO,> and As
concentrations sharply decline after traversing the redox transition zone [5]. Gradual colour transitions
from orange over yellow-orange to grey in the sandy sediments of the Pleistocene aquifer reflect a
pronounced change in the Fe-mineralogy, shifting from a dominance of Fe(lll)-(oxyhydr)oxides to

more reduced Fe(ll)- and Fe(ll,lll)-mixed valence minerals [18]. These changes are further visible in
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vertical depth profiles, where approximately 1 to 100 mm thick layers of orange and yellow-orange
sediments alternate with grey-coloured sediments. Further details regarding the depositional history,

hydrogeology, and biogeochemistry of the Van Phuc site is provided elsewhere [12, 18, 31, 34-36].

3. Materials and methods

3.1 Sampling

All samples were collected from a single drilling core that was drilled through the redox transition zone
at Van Phuc in December 2018 (core RD54, 20°55'18.79"N, 105°53'38.30"E). This location was
chosen based on previous drilling campaigns in the direct vicinity, allowing us to precisely target the
redox transition zone. Coring was conducted with a 10 cm inner diameter rotary drill. The obtained
core had an overall length of 43.5 m and reached to a depth of 46.5 m bls (note: the top 3 m were
discarded because of disturbances from the drilling operation). Directly after drilling, drilling fluid
remains were removed and each core section was described and photographed. The sediment colour
was recorded based on the Munsell colour chart and the grain size was estimated manually by finger
test. Then the core sections were divided lengthwise with a ceramic knife and samples were taken
from the undisturbed centre of the core at intervals of 100 cm and more frequently if small-scale
changes in colour or grain size were visible. The sample material was transferred into water- and air-
tight zipper bags (PET/PE-LD/Aluminium stand-up pouches LamiZip, VWR), which were immediately
flushed with N, before closing. The time of air contact was kept as short as possible (<1 min) to avoid
oxidation reactions. Finally, all sample bags were sealed in larger air-tight bags (HDPE bags, Allpax)

under N, atmosphere and kept frozen at -20°C until analysis. In total, 54 samples were collected.

The core samples were subdivided into different classes based on lithology and colour. Clayey silt
samples mainly comprised the uppermost 19 m of the sediment core, but also a layer of unknown
thickness encountered below the 43 m depth. Samples representing the Pleistocene aquifer
comprised orange and yellow-orange (i.e. reflecting moderately reducing redox properties) and grey
(i.e. representing a change towards strongly reducing redox properties) sandy sediments. Within the
aquifer sands, redox interfaces with strong colour contrasts reflecting redox gradients are visible,
especially at lithological boundaries (refer to note A.1 for further details on the sediment core). For

sediments representing mixed redox properties, a clear separation based on the colour was not



possible owing to a very fine layering at the mm scale (see Fig. 1). For the statistical comparison, the
aquifer sand samples were grouped into “orange sand” (n=17), “grey sand” (n=11), and “sand mixed

redox” (n=6).

@ore kD54 3 RedRiver

Van Phuc

Van Phuz in December 2018,

Fig. 1. Location of the study area in the Red River Delta close to Hanoi (a), and drilling site of core RD54 at a
bend of the Red River in the Van Phuc village (b, c, d). Core section showing sandy aquifer sediments from 41.8
- 43.1 m bls (left to right) that exhibit different redox features (orange and grey sand) before transitioning into
whitish clayey silt sediments (e). For an example of a redox transition refer to the white frame in the core middle

(42.5 m bls) and the polished section prepared from it. Satellite images: Google 2020, Maxar Technologies.

3.2 Chemical analysis

All vials and storage devices were soaked in 1% HNO3; and rinsed with Milli-Q water before use. For
analytical detection limits refer to Table A.1. Total concentrations of P (Pyy), AS (ASy), and other
major and trace elements were assessed with a microwave-assisted acid pressure digestion (method
E701, MLS GmbH) of 0.5 g freeze-dried, pulverised, and homogenised sample material. Then, 5 mL

Milli-Q water, 10 mL 65% HNO3; (EMSURE, Merck), and 3 mL 37% HCI (ACS reagent, Sigma-Aldrich)



were added to the samples in polytetrafluoroethylene beakers before heating to 190 °C for 14 minutes
in a laboratory microwave system (START 1500 Microwave Extractor, MLS GmbH). Digestion
solutions were filtrated (Mn 619 G1/4, Macherey-Nagel) and analysed by inductively coupled plasma
atomic emission spectroscopy (ICP-OES, Optima 5300 DV, PerkinElmer). The certified reference
material Metals in Soil (SQC001-30G, lot LRAC3749, Sigma Aldrich) was used to check the accuracy
and precision of the microwave-assisted acid pressure digestion. The average recovery rate was

122% for Py, and 91% for Asyy, With relative standard deviations of <5 % (n=7).

Total C (Cy) and N (N) concentrations were measured from homogenised sample material with an
Element Analyzer (EA, Vario EL lll, Elementar Analysensysteme GmbH). Given the absence of
detectable inorganic C (no reaction with 10% HCI), total C was considered to represent organic C
(Corg)- Samples originating from a parallel drilling core (RD42, located approximately 6 m next to
RD54) were analysed by means of electron probe microanalysis (EPMA, JEOL, JXA-8530 F), which
was equipped with a wavelength dispersive X-ray fluorescence detector (WD-XRF) allowing us to
check the elemental composition of the samples at selected regions of interest (acceleration voltage:

15kV).

3.3 Sequential extraction

The P (comprising inorganic PO,* and Porg) and As pool composition of the sediments was assessed
using sequential extraction. We therefore combined different steps from sediment and soil extraction
protocols to obtain an optimum combination for the aquifer sediments. Table 1 provides a summary of
the five sequential extraction steps, including details regarding the targeted P and As pools and
associated references. In the first step, 0.5 g of freshly thawed sediment was extracted with 0.25M
NaHCO; (= 99.5%, Sigma-Aldrich) at pH 8.5 on a rotary shaker. This processes aims to extract
loosely bound, hence exchangeable PO,>, Pog: and As, and was repeated three additional times to
avoid carry-over effects [37]. Afterwards, samples were shaken with Milli-Q water as wash solution.
Next, samples were extracted with 0.1M NaOH (= 98%, Sigma-Aldrich) to release moderately labile P
(represented by strongly bound PO,* and Pog) and As sorbed to surfaces of metal-(oxyhydr)oxides,
and PO,> and As structurally bound in Al-(oxyhydr)oxides. The step was repeated for three more
times, followed by a wash step with Milli-Q water. The third step was carried out with a citrate-
dithionite-bicarbonate (CDB) solution targeting PO,> and As that is structurally bound in weakly

crystalline Mn(lll,IV)- and Fe(lll)-(oxyhydr)oxides. Afterwards, three repetitions with 0.5M NaHCO;
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solution and one wash with Milli-Q water were applied. For the fourth step, 37% HCI (ACS reagent,
Sigma-Aldrich) was added to the sample material and heated for 30 minutes at 80°C. After cooling,
Milli-Q water was added to the HCI solution, followed by three additional wash steps with Milli-Q
water. Here, PO,> and As were extracted from primary and secondary Ca- and Fe(ll)-minerals as well
as acid-hydrolysable Pq. Finally, residual P and As (i.e. structurally bound in stable minerals) and
Porg in recalcitrant organic compounds were obtained after combustion at 550 °C followed by shaking
with 0.5M H,SO, (EMSURE Sulfuric, Merck) and three subsequent wash steps with Milli-Q water.
Extraction solutions were degassed with N, before the respective extractions to simulate the contact

of aquifer sediments at the field site with anoxic groundwater.

All extractions were centrifuged at 4500 rpm for 10 minutes before filtration (MN 619 G 1/4,
Macherey-Nagel) and stored at 4°C. The solutions were analysed for total P, As, and other elements
by ICP-OES. The NaHCO3;, NaOH, and CDB extraction solutions were additionally analysed for PO,>
concentrations by the molybdenum blue method (DIN-EN-ISO-6878: 2004) wusing a
spectrophotometer (Cary 100 UV/Vis, Agilent) and a continuous flow analyser (CFA, Seal Analytical).
Because the NaHCO; solution is unstable, it was analysed within two weeks. Concentration values
were corrected to dry-weight based on each sample’s gravimetric water content (determined with a
halogen moisture analyser). The concentration of P, was calculated as the difference between Py
and inorganic P (PO43") concentrations [38]. Note that no such distinction could be made for As
species in the sequential extraction solutions. Therefore, As species in the respective sediment pools
are referred to as “As” in the following. Because of low As concentrations, the aquifer sands extraction
solutions were measured by inductively coupled plasma mass spectrometry (ICP-MS, 8900 series,
Agilent). The same applied to Fe and Mn in the NaHCO3 extracts.

Furthermore, recovery rates were calculated by comparing the sum of extractable and total element
concentrations as determined by acid pressure digestion [39]. Considering the sum of PO,> and Py,
in the individual samples compared to respective Py, concentrations, the average recovery rate
reached 97.6 +25.4% (n=58, Fig. A.3). As an additional quality control, the certified P reference
material River Sediment (BCR®-684, Institute for Reference Materials and Measurements) was
extracted. The sum of extractable P concentrations in all extraction steps were consistent with the
certified values for total PO,%, Pog: @and Py, reaching recovery rates of 97.4, 92.3, and 92.9%,

respectively.



The average recovery rate for As in the samples was 61.7 +17.5% (n=34). This moderate
underestimation for As was attributed to the presence of non-extractable As in stable minerals and the
generally low As,, concentrations. For the reference material Metals in Soil, the sum of extractable As
compared to the certified As,,; concentration yielded a recovery rate of 114%. For further technical
details and a critical evaluation of the extraction scheme see Note A.2, Figs. A.1, A.2, and Tables A.2
and A.3.

Table 1. Sequential extraction scheme used for the characterisation of the phosphorus (comprising

inorganic phosphate, PO,*, and organic phosphorus, Pg) and arsenic (As) pools.

Extractant Targeted pools Extraction details Mechanism(s) Ref.
NaHCO; exchangeable PO,%, 20 mL of 0.25M NaHCOj; (pH 8.5) for 30 min, followed  desorption of PO,*, PO,%, and a, b
Porg, and As by three repetitions, and one wash with 25 mL Milli-Q  As through HCO%, COs* and
water for 30 min pH increase
NaOH PO, Porg, and As 30 mL of 0.1M NaOH for 16h, followed by three desorption of strongly bound c, d, e
strongly surface sorbed repetitions for 30min, and one wash with 25 mL Milli-Q PO.>, Poq, and As by OH’
to metal- water for 30 min ions and pH increase,
(oxyhydr)oxides and dissolution of Al-
PO,> and As (oxyhydr)oxides
structurally bound in Al-
(oxyhydr)oxides
CDB PO,> and As 45 mL of 0.3 M Nas-citrate and 1M NaHCOj; solution release of structurally bound f

structurally bound in and 1.125 g Na-dithionite (pH 7.4) for 16h, followed by PO,* and As from reductive
Fe(lll)- and Mn(lI1,IV)-  three extractions with 20 ml 0.5m NaHCO; for 30min,  dissolution of Fe(lll)- and

(oxyhydr)oxides and one wash with 25 mL Milli-Q water for 30 min Mn(l11,1V)-(oxyhydr)oxides

HCI PO,> and As in Ca- 5 mL 37% HCL heated for 30 Minutes at 80°C and release of PO,> and As from c, e, g
and Fe(ll)-minerals, adding 25 ml Milli-Q water during cool down, followed  dissolution of Ca- and Fe(ll)-
acid-soluble P by three washes with 25 mL Milli-Q for 30 min minerals, hydrolysis of Poyg

H,SO,4 Chemically stable and Drying at 105°C overnight and incineration of sample  dissolution of residual forms h, i
insoluble PO,* and As, remains at 550°C for 1h, followed by addition of 20 mL of P and As
recalcitrant Pog 0.5M H,S0O, and 16h of shaking, followed by three

washes with 25 mL Milli-Q water for 30 min

2 Mattingly [40], ® Hiemstra et al. [41], © Thiessen and Moir [42], ® Psenner et al. [43], ¢ Shiowatana et al. [44], " Ruttenberg [45], ¢

Hupfer et al. [46], " lvanoff et al. [47], ' Walker and Adams [48]

3.4 Statistical analysis

Statistical analysis was carried out with Microsoft Excel 2016 and IBM SPSS Statistics (Vers. 24).
Concentration values below the detection limit were set to half of the respective detection limit. The
contribution of the respective P pools was included as a percentage of the sum of extractable PO,>

(for the NaHCO; and CDB extracts) and Py, (for the NaOH, HCI and H,SO, extracts).

The confidence interval for all tests was 95%, and p values < 0.05 were considered statistically

significant. The data was tested for normal distribution with the Shapiro-Wilk test. Group comparisons
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for P and As concentrations were conducted with the non-parametric Kruskal-Wallis 1-way ANOVA on
ranks and a pair-wise post-hoc test with significance values adjusted using the Bonferroni correction
for multiple tests. The Spearman rank correlation test (two-tailed) was used to explore relationships

between measured sediment sample variables.

4. Results and discussion

4.1 Sedimentary P pools

Depth distribution of Py,: The depth distribution of P, varied widely within the sediment core with
concentrations ranging from 61 up to 1025 mg kg'l (median: 167 mg kg'l, n=58). The highest Py
concentrations were found in the clayey silt sediments and in the orange aquifer sediments (e.g. at
22.3 and 30.6 m bls, see Fig. 2). This concentration range for P, is consistent with previously
analysed aquifer sediments from Van Phuc (reduced Holocene aquifer: 44 to 305 mg kg™,
Pleistocene aquifer: 44 to 284 mg kg'l) [5]. Similar values were reported for aquifer sediments from
floodplains in the Bengal Delta, with two field sites located in West Bengal, India (P of 223 to 620
mg kg'l) and one site in Bangladesh (P, 170 to 780 mg kg'l) [5, 49]. The Py, distribution in the
sediments was positively correlated with As, Cay, Feior, Alior, MNi, and Ceg (all had p<0.01). The
correlation was strongest between Py and Fey (Spearman’s Rho r=0.90, p<0.01), which was
consistent with previous sediment analyses at Van Phuc by Neidhardt et al. [5]. This result was a first
indication of the prominent role of Fe-minerals as P host phases. A detailed description of the

sediment core lithology and redox properties is provided in note A.1.

lithology Py, Img kg') As (mg kg') Ca (g ko) Fewlahg™) Mn, (g kg ") Al (akg”) Coglakg”)
d
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S L, e,

Fig. 2. Lithology and depth distribution of total element concentrations in core RD54. Correlations with Pyt

concentrations are indicated at the bottom of each plot, with significant correlations highlighted by asterisks
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(Spearman’s Rho, **p<0.01). The yellow shading in the lithology plot (left) indicates the aquifer sediments, the

grey shading indicates clayey silt sections.

P pool composition: The positive correlation between Py, and C4 (Spearman’s Rho r=0.49, p<0.01,
Fig. 2) could suggest the presence of Py in the sediments. However, the proportion of P4 remained
below 5% relative to total extractable P in the respective pools (average NaHCOs-extractable P
proportion; 0.1%, NaOH-extractable: 2.6%, CDB-extractable: 0.1%). Because sedimentary P pools
were dominated by inorganic PO,>, the NaHCOs-extractable pool is referred to as “exchangeable

PO,>” and the NaOH-extractable pool as “strongly sorbed PO,**

in the following. Considering the
high concentration of Fe and the comparatively low Mn and Al concentrations that were CDB-
extractable (Table A.2), we concluded that Al- and Mn(lll,IV)-(oxyhydr)oxides are of only minor
importance. Thus, the majority of CDB-extractable P is represented by PO, that is structurally bound
in weakly crystalline Fe(lll)-(oxyhydr)oxides. In HCI- and H,SO,-extractable P, it was not possible to
differentiate between PO,> and Porg due to methodological reasons (i.e. acid-hydrolysation of Py
during the extraction). Therefore, the HCI| pool may comprise PO,> in the form of primary and
secondary Ca- and Fe(ll)-phosphate minerals, and acid-soluble P,y The H,SO, pool is generally
considered to contain non-extractable mineral PO43' and Pggy in the form of recalcitrant Cgyq

compounds. Thus, this pool is referred to as “residual P” in the following. For a detailed overview of

the P pools, refer to Fig. 3a.

A comparison of our results to previous research is limited, because this is the first time that P pools
in floodplain aquifer sediments have been characterised in such detail. While sequential extractions
were frequently used for charactering As pools, this has not been applied to P pools. A parallel
assessment of As and P is not common because surface adsorbed As is normally assessed by
extraction with a concentrated PO,>-solution. However, a few studies conducted single-step
extractions or leaching experiments to estimate the amounts of surface adsorbed or Fe(lll)-associated
PO,> in floodplain aquifer sediments. For example, the amount of PO,> that is leachable from
reductive dissolution of Fe(lll)-(oxyhydr)oxides (via ascorbic acid at pH3) and from proton induced
dissolution (with 1mM HCI at pH3) was determined with oxic and reduced aquifer sediments from a
study site in the Red River Delta, located about 20 km north of our site [50]. Here, leachable PO,>

concentrations for both extractions ranged up to 3.1 mg PO,-P kg"l. This range is comparable to the
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exchangeable P pool in this study; however, comparison is limited because our values are from an
extraction and Postma et al.’s values originated from leaching experiments. Oxalate-extractable P
was previously determined in floodplain sediments at three sites in Bangladesh (Bengal Delta) by
BGS and DPHE [9]. That single-step oxalate extraction comprised surface sorbed and PO,
structurally bound in weakly crystalline metal-(oxyhydr)oxides with concentrations of up to 400 mg kg
! This is similar to the present study’s sum of exchangeable, strongly bound, and Fe(lll)-
(oxyhydr)oxide structurally bound PO,>. Another study conducted in Bangladesh identified adsorbed
PO,> in aquifer sediments of the Bengal Delta with a single-step extraction at pH 2 [51]. Here,
concentrations of Holocene aquifer sediments were clearly higher (57 to 528 mg kg™) than in
underlying Pleistocene aquifer sediments (28 to 66 mg kg'l) [51]. The range of these values is similar

to the sum of exchangeable and strongly bound PO,* in Van Phuc (9 to 195 mg PO,4-P kg'l, see Fig.

Ad).

a) depth profile:
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Fig. 3. Relative composition of the P pools along the vertical depth profile (a) including the sum of extractable P

(3 P). The sample classification is based on sediment colour and lithology. The boxplots summarize the
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distribution of Py concentrations in the three aquifer sediment classes (b), and the proportion of extractable P in
the five sequential extraction steps (c-g). Different lower-case letters (i.e. a, b) below the bars indicate significant

differences between the respective aquifer sand classes (pair-wise post-hoc test, p<0.05).

Aquifer sediments: The following section focusses on the sandy aquifer sediments, where PO,* is
actively immobilised from migrating groundwater (note: dissolved PO,* concentrations in groundwater
sharply drop from up to 1.30 to below 0.18 mg Lt along the flow path at the redox transition zone [5]).
Here, the concentration of P,,; was strongly linked to the redox conditions as represented by the three
aquifer sand classes (Fig. 3b). The mean Py, concentration was highest in the orange aquifer sand,
representing mildly to moderately reducing redox properties (median: 159 mg kg™), while it was
significantly (p<0.01) lower in the strongly reduced grey aquifer sand (median: 89.5 mg kg'l). For sand
with mixed redox properties, Py (median: 119 mg kg'l) did not differ significantly from the two other
classes (p>0.05). Note that P,; concentrations in the orange sand showed high variations (spanning

from 78 to 1025 mg kg™).

Pronounced differences were also visible in the extracted P pools (Fig. 3c-g). Compared to the
orange and mixed redox state sand, the grey sand was characterised by significantly higher median
proportions of exchangeable PO,> (12.7% versus 5.0% and 6.0%, p<0.05, Fig. 3c) and strongly
sorbed PO,* (26.0% versus 21.0% and 15.6%, p<0.01, Fig. 3d). The mean proportion of Fe(lll)-
(oxyhydr)oxide structurally bound PO,> was almost twice as high for the orange and mixed redox
state sand than for the grey sand (median values of 64.1% and 61.4% versus 31.5%, p<0.05, Fig.
3e). Conversely, the proportion of HCl-extractable P (i.e. Ca- and Fe(II)-PO43" and acid-soluble Pgg)
was almost two times higher in the grey sand than in the orange sand (median of 14.6% versus 7.1%,
p<0.01, Fig. 3f). The same was true for residual P (median: 7.2% versus 3.8%, p<0.05, Fig. 3g). For a
summary of absolute P concentrations in the respective pools refer to Fig. A.4. In the following, the P
pool composition of the three sand classes is interpreted in terms of the processes that most likely

caused these differences.

Orange aquifer sand: Comparatively high P, concentrations (from 78 up to 1025 mg kg™, Fig. 3b)
occurred in the orange aquifer sand. Interestingly, these concentrations were considerably higher
than those in corresponding orange-coloured aquifer sand located 200 m downstream from the redox
transition zone, which was not yet influenced by the advection of reducing groundwater (66 to 109 mg

kg'l, n=7, [34]). Therefore, we assume that the relatively high P, concentrations in the orange
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sediments at the redox transition zone already included considerable amounts of migrating PO,>,
which was immobilised in the aquifer sediments. This immobilisation of dissolved PO, at the redox
transition zone is closely linked to Fe(lll)-(oxyhydr)oxides, as reflected in the P pool composition of
the orange aquifer sand. Here, the highest proportion of extractable P was found to be PO,
structurally bound in weakly crystalline Fe(lll)-(oxyhydr)oxides, followed by strongly sorbed PO,
(median proportion of 64% and 21%, respectively, Fig. 3c-e). Despite the continuous contact with
reducing groundwater (Ey,< 20 mV, [18]), Fe(lll)-(oxyhydr)oxides are still present in the sediments as
indicated by the orange colour and the considerable concentrations of CDB- and HCl-extractable Fe
(Table A.2). This could be directly linked with the sorption of PO,¥, which has been shown to stabilise
Fe(ll)-(oxyhydr)oxides by providing protection from reductive dissolution [52]. According to previous
investigations by Eiche et al. [34], Fe(lll)-(oxyhydr)oxides in the Pleistocene aquifer sediments of Van
Phuc are represented by hematite, goethite, and weakly ordered phases such as ferrihydrite. In
general, Fe(lll)-(oxyhydr)oxides can not only adsorb large quantities of PO,> on their surfaces, they
can also incorporate PO, during their formation [53]. Element mappings further confirmed the
presence of Fe(lll)-(oxyhydr)oxide precipitates in the form of cementations and coatings in the redox
transition zone aquifer sediments (Fig. A.5). Such precipitates were found at sub-cm thick redox
interfaces in a parallel drilling core located approximately 6 m next to the present core. The formation
of Fe(lll)-(oxyhydr)oxide dominated precipitates (composed of amorphous Fe(lll)-(oxyhydr)oxides,
hematite, goethite, and magnetite; [54] ) is considered to result from an abiotic and/or microbially
mediated oxidation of dissolved Fe®* coupled with the reduction of sedimentary Mn(lll,IV)-
(oxyhydr)oxides [18]. The spatial distribution of P in these secondary precipitates (see element
mapping in Fig. A.5) further suggests that initially surface sorbed PO,* became structurally

incorporated through the growth of the precipitate layers.

The combination of sorption and incorporation into newly formed Fe(lll)-(oxyhydr)oxide precipitates
appears to be a highly effective immobilization mechanism for dissolved PO,>, which, to the best of
our knowledge, has not been accounted for in previous studies, where surface sorption is considered

the dominant PO,* immobilisation in aquifers [19, 20].

Influence of redox state on P pools: On average, the P, concentration in the grey aquifer sand was
150 mg kg'l lower than in the orange sand (101 versus 251 mg kg'l, Fig. 3b). This Py net

concentration difference was almost entirely reflected in PO, structurally bound in weakly crystalline
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Fe(lll)-(oxyhydr)oxides, which was the only P pool that was largely lower in the grey than in the
orange sand (average concentration of 33 versus 152 mg kg™, Fig. 3e). Hence, the most pronounced
characteristic of the grey aquifer sand was the reductive dissolution of weakly crystalline Fe(lll)-
(oxyhydr)oxides. This was not only reflected by the colour change, but also by a significantly lower
content of weakly crystalline Fe(lll)-(oxyhydr)oxides in the grey sand than in the orange sand
(median: 3,020 versus 7,440 mg kg'1 CDB-extractable Fe, p<0.01). The reductive dissolution of
weakly ordered Fe(lll)-(oxyhydr)oxides and a concomitant loss of previously sorbed PO,* is an active
process at the study site as revealed by a six month long in situ sorption experiment using orange-
coloured Pleistocene sand from Van Phuc as well as synthetic ferrihydrite [5, 32]. Interestingly, the
loss of weakly ordered Fe(lll)-(oxyhydr)oxides and associated sorption sites was not reflected in the
two surface sorbed pools of the sediments (Fig. 3c,d), where the respective relative proportions were

significantly higher in the grey sand than in the orange sand (p<0.05).

The relative proportion of HCl-extractable P was also significantly higher in the grey sand (Fig. 3f).
Given the generally low absolute P concentrations and missing differences between the orange and
grey sand, there was no indication that migrating PO,> was immobilised by secondary Ca-, Fe(ll)-,

Mn(lIl)-carbonates and phosphates.

The mixed redox state aquifer sand sample class comprised orange sand mixed with grey sand at the
sub-cm scale (see section in Fig. 1). The Py concentration and the P pool composition of the mixed
redox state sand was similar to the orange sand (Fig. 3). Because some grains were still orange while
others were already bleached, the continuous contact with anoxic groundwater resulted in a partial,
but not fully reductive dissolution of weakly crystalline Fe(lll)-(oxyhydr)oxides. Hence, Fe(lll)-

(oxyhydr)oxide structurally bound PO, still represents the dominant P pool (Fig. 3e, Fig. A.4d).

Basing conclusion on sequential extraction data for past and present processes requires caution.
However, comparing aquifer sediments that are transitioning from a moderately to a strongly reduced
redox state allows indirect insight into the biogeochemical processes underlying the dynamic
immobilisation of PO, along redox transition zones. In summary, the immobilisation of PO,” at redox
transition zones is a highly dynamic process closely linked to several biogeochemical cycles, where
the redox cycle of Fe is central. These processes can significantly alter sedimentary P pools over time

and result in the re-release of previously immobilised PO,>.
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4.2 As pools in the aquifer sediments

Depth distribution and As pool composition: For As,, the depth distribution in the aquifer sand
was similar to Py (Fig. 2), although concentrations were considerably lower, ranging from 0.7 up to
23.5 mg kg* (median: 2.7 mg kg, n=58). This concentration range is characteristic of aquifer
sediments in Asian floodplains such as the Red River Delta [55], the Mekong Delta [56], or the Bengal
Delta [9, 49, 51, 57, 58], where As, concentrations are usually in a range of 0.25 to about 25 mg kg ™.
Similar to PO,”, dissolved As is largely immobilised at the redox transition zone, where As
concentrations in groundwater sharply drop from up to 393 to below of 10 ug L™ along the flow path
[18]. A strong positive correlation between As,, and Py concentrations (Spearman’s Rho r=0.62,
p<0.01) indicates that both elements are controlled by similar processes, with sorption to Fe(lll)-
(oxyhydr)oxides being the most likely one [4]. The important role of Fe-minerals as primary sorbents
for As is further supported by a significant correlation between As, and Fey (Spearman’s Rho
r=0.72, p<0.01), and is consistent with a previous study that analysed aquifer sediments in the vicinity
of the redox transition zone [59]. This finding is also in line with other As-contaminated aquifers in
Vietham and elsewhere in South and Southeast Asia, where sedimentary Felll-(hydr)oxides were
identified as important sorbents for As [3, 21, 60, 61]. Dissolved As in groundwater is predominantly
present as reduced oxyanion AsO,%, with minor proportions of AsO,> [32]. Both inorganic As species

show a similar sorption behaviour to Fe(lll)-(oxyhydr)oxides at circum-neutral pH values [62].

Sorption is further reflected in the composition of the As pools. Compared to the amount of total
extractable As, the proportion of exchangeable As was low (median: 3.9%), while strongly sorbed As
had a higher proportion (median: 12.8%, see Fig. 4c,d). The surface adsorbed pools are of particular
relevance, because As sorption in Asian aquifers represents a partially reversible process [32, 60,
63]. Significant amounts of As could be re-released into groundwater from aquifer sediments of the

redox transition zone when inflowing groundwater As concentrations decline.

Similar to PO,>, most As was found to be structurally bound in Fe(lll)-(oxyhydr)oxides (median: 49%,
see Figs. 4e and A.5). About one third of the total extractable As was related to the remaining two

pools (HCl-extractable and residual As, Fig. 4e,f).

The results of the sequential extraction are consistent with outcomes from previous sequential
extractions from the Holocene and Pleistocene aquifer in Van Phuc [59], as well as other As-troubled

regions, such as the Bengal Delta [51, 58, 64, 65]. Although the applied sequential extraction
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schemes in these studies partially differed from our protocol and from each other, most of the As was
generally found to be strongly sorbed and structurally bound in weakly ordered and/or well-crystalline
Fe(lll)-(oxyhydr)oxides. The proportion of surface adsorbed As we observed at the redox transition
zone in Van Phuc is generally lower than reported by the aforementioned studies, which we attribute
to the formation of Fe(lll)-(oxyhydr)oxide coatings that subsequently convert surface sorbed As into
structurally incorporated As. The formation of As-sulphides as another potential As immobilisation

process [66] could be excluded, given the absence of S species in groundwater [67].
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Influence of redox state on As pools: In contrast to the P pools, differences in the As pools were
less pronounced between the orange, grey, and mixed redox state sand (Fig. 4). Compared to the
orange and mixed redox state sand, the grey sand was characterised by significantly higher median
proportions of exchangeable As (12.6% versus 2.9% and 2.8%, p<0.01, Fig. 4c). This corresponded
to absolute median concentrations of 0.14 mg kg™, 0.03 mg kg™, and 0.02 mg kg™, respectively. The
mean relative proportion of Fe(lll)-(oxyhydr)oxide structurally bound As was significantly lower in the
grey sand than for the orange and mixed redox state sand (median value of 36.3% versus 49.1% and
48.8%, p<0.01, Fig. 4e). However, the absolute As concentrations in this pool did not significantly
differ for the three classes (median concentrations of 0.41 mg kg™, 0.46 mg kg™, and 0.47 mg kg™,
respectively, p>0.05, Fig. A.6). In contrast to PO,*, a re-release of As through the reductive
dissolution of Fe(lll)-(oxyhydr)oxides was not visible in our data. Considering the previously described
PO,> behaviour and what is known from field observations [32], forced redox state microcosm
experiments [68, 69], and hydrogeochemical modelling [21], one would expect a considerable release
of As via the reductive dissolution of Fe(lll)-(oxyhydr)oxides. This deviant As behaviour in the grey
aquifer sand could be related to incorporation of As in more crystalline secondary Fe(lll)-
(oxyhydr)oxides such as hematite and goethite, which are stable under moderately reducing redox
conditions (see [32]), whereas PO,> was also incorporated into less crystalline phases such as
ferrihydrite, which became rapidly liberated through the change in redox state. Alternatively, the
observed concentration difference for Fe(lll)-(oxyhydr)oxide structurally bound As was too low to be
statistically significant but might further increase with ongoing interaction of the aquifer sediment with

reducing groundwater.

For the other three As pools, relative proportions as well as absolute concentrations did not differ

between the three sand classes (p>0.05).

Considering the composition of the As pools in the aquifer sediments of the transition zone, we
concluded that the As immobilisation is controlled by the same processes as PO,*, which comprises
sorption and the subsequent incorporation into secondary Fe(l11)-(oxyhydr)oxides. In contrast to PO,
a change in the redox state has only minor effects on the sedimentary As pools, but increases the

proportion of exchangeable As.
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4.3 Interactions between PO43' and As

Competitive sorption of As and PO43': Compared to Py, the As,, concentrations were lower in the
aquifer sediments, resulting in total P/As molar ratios of 1 to 85 (median: 23, Fig. 5a). To characterise
the competitive sorption between PO,* and As at the redox transition zone, we first looked at P/As
molar ratios in the different pools of the orange aquifer sand. Although a considerable proportion of As
was exchangeable and strongly sorbed, a preferential sorption of PO,> resulted in mean P/As ratios
of >100 in both pools of the orange aquifer sand (median values: 121 and 101, respectively, Fig.
5b,c). These ratios are about one order of magnitude higher than that of the migrating groundwater,
where the P/As molar ratio ranges between 3 to 16 [18, 32]. This preferential sorption of PO,* has
important consequences regarding the mobility of dissolved As. Currently, a plume of dissolved As
migrates into the Pleistocene aquifer sediments at the redox transition zone at Van Phuc. Van Geen
et al. [31] estimated that there is a 16 to 20-fold retardation for dissolved As relative to the average
lateral groundwater advection (some 40 m per year). Possible reasons include changes in the
mineralogy of the aquifer sediments (altering their sorption properties) in combination with competitive
sorption with PO,*. Competition of PO,> and As for sorption sites was observed by Rathi et al. [3] in
laboratory sorption experiments using orange-coloured aquifer sediment from Van Phuc. Competitive
sorption has also been investigated in other laboratory sorption experiments using synthetic metal-
oxides or natural aquifer sediments [60, 70], and in surface complexation models [1, 2, 4], but the
present study represents, to the best of our knowledge, the first detailed verification in a natural

aquifer system.

Similar to PO,%, the most of As was structurally bound in Fe(lll)-(oxyhydr)oxides. For this fraction, the
P/As ratio in the orange aquifer sand was clearly lower than the ratios measured in the two surface
sorbed pools (median value of 84), indicating that the effect of competition for sorption sites
decreases when As and PO,> become structurally bound in Fe(lll)-(oxyhydr)oxides. The important
role of Fe(lll)-(oxyhydr)oxides raises a further question regarding how changing redox conditions
influence the competitive sorption and therefore immobilisation of As and PO,*, which is discussed in

the following section.
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indicate significant differences between the respective aquifer sand classes (pair-wise post-hoc test, p<0.05).

Influence of redox conditions on P/As ratios: To assess the impact of the redox conditions on
competitive sorption of PO, and As, we compared their ratios in the pools from the orange and grey
aquifer sand and found that the mean total P/As ratio in the grey aquifer sand was less than half of
the orange sand (17 versus 43, p<0.01, Fig. 5a). This difference was also visible in the exchangeable,
strongly sorbed, and Fe(lll)-(oxyhydr)oxide structurally bound pools (p<0.05, Fig. 5b-d). Furthermore,
P/As ratios in these three pools of the grey sand (median of 18 to 42) were closer to the ratio in
migrating groundwater (3 to 16) as compared to respective ratios of the orange sand (median of 84 to
121). Thus, competitive sorption of PO,> and As largely depends on the presence of Fe(lll)-
(oxyhydr)oxides and becomes significantly less pronounced with their partial reductive dissolution and

the associated loss of sorption sites.

Similar to the P pools, P/As ratios in the mixed redox state sand fell between the orange and grey

sand values, representing a transition between these two endmembers (Fig. 5b-f).
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About one third of the total extractable As was related to the remaining two pools (HCl-extractable
and residual), where the median P/As ratios did not differ by the redox state of the aquifer sands
(p>0.05, Fig. 5e,f). We consider the comparatively low P/As ratios (median values of 16 to 18) in
these mineral pools to represent the general background P/As ratio in the sediments, because both
pools are stable considering the prevailing conditions (i.e. not susceptible to changes in redox

conditions) [59].

In summary, the preferential sorption of PO,> over As at the redox transition zone was clearly
reflected in the surface sorbed pools, which showed considerably wider P/As ratios than found in
migrating groundwater. These results support hydrogeochemical models, which assumed a strong
competition between PO,* and dissolved inorganic As in form of AsO;¥ and AsO,* [1, 2]. Our results
further reveal that the competition for sorption sites largely depends on the presence of Fe(lll)-
(oxyhydr)oxides, and becomes less pronounced with their dissolution and the associated loss of
sorption sites. Considering the importance of competitive sorption between PO,¥ and As and the
associated influence of redox changes, these processes should be considered in reactive transport

models that aim to predict the movement of As in aquifers.

5. Conclusions

The observed differences in the P and As pools at the redox transition zone reflected a cascade of
biogeochemical processes resulting from the ongoing contact of the aquifer sediments with reducing
groundwater, which contains elevated concentrations of dissolved PO,*, inorganic As (mainly A5033'),

and Fe*". we suggest the following conceptual model to summarise these processes:

(i) Initial contact phase: Dissolved As is first inmobilised along with PO, by sorption and becomes
subsequently incorporated into secondary precipitates dominated by weakly ordered Fe(lll)-
(oxyhydr)oxides despite the anoxic conditions. The first step comprises weak (i.e. exchangeable)
and strong sorption to surfaces of Fe(lll)-(oxyhydr)oxides. This further results in competition
between PO, and As for sorption sites, which increases the P/As molar ratios in the sorbed pools
by one order of magnitude compared to migrating groundwater.

(i) Redox transformation phase: Over time, prolonged contact with the anoxic groundwater results in
the partial reductive dissolution of weakly ordered Fe(lll)-(oxyhydr)oxides. As a consequence, the

PO,> immobilisation potential of the aquifer sands decreases and more than half of the previously
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immobilised PO, is liberated. At the same time, the proportion of exchangeable As increases,
generating a pool of As that is easily (re-)mobilisable. Furthermore, the competition between PO,
and As becomes less pronounced with the progressive loss of Fe(lll)-(oxyhydr)oxides.

(iii) Reduced state: After aquifer sediments have reached a strongly reduced redox state over the
years, the immobilisation capacity for PO, and As is largely depleted and groundwater with
increased PO,> and As concentrations further advances in flow direction. Here, the competitive

sorption results in an increasing spatial separation of the dissolved PO,* and As plumes.

Our study confirmed the decisive influence of PO,> on the immobilisation of As for a natural aquifer
system, which was previously only described in sorption experiments and predicted by numerical
models. We further found that the immobilisation of PO43' and As at a redox transition zone was not
only governed by sorption but was also closely linked to subsequent incorporation into Fe(lll)-
oxyhydroxides. The fixation of PO,> and As via the occlusion in Fe(ll)-(oxyhydr)oxide precipitates
appears to be a highly effective immobilisation mechanism in oxic or mildly reducing aquifers. The
underlying biogeochemical processes could also be useful when considering remediation of
contaminated aquifers, where in situ remediation approaches should focus on the Fe-cycle.
Remediation measures and reactive transport modelling predictions should consider the competition
between PO,* and As for sorption sites, because this has a pronounced effect on the mobility of toxic

As.
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Highlights

e PO,¥ and As retention in aquifer sediments controlled by redox properties

e competition between PO,> and As for sorption sites reflected in P/As ratios

e PO,*and As retention by sorption and subsequent incorporation in Fe-oxides

e changing sedimentary P and As pools due to influence of Fe-reducing groundwater

e Fe-reduction lowers sorption sites and competitive sorption of PO,> and As
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