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An aquifer recharge and recovery (ASR) pilot is being implemented in Nga Bay 
(Hau Giang province, Vietnam) where a monitoring well M1 was drilled in January 
2024. Eighteen samples from 150–201 m bgl were analysed for grain size 
distribution, mineral content, elemental composition and cation exchange 
capacity (CEC). 
 
Results show the presence of the hydrogeological favourable aquifer qp₁ 
consisting of 20 m of medium sand with only a 2.5 m thick layer of sandy loam. 
The overlying aquitard, made of at least 5 m of stiff clay, provides a very good 
protection against upward leakage. The underlying aquitard, made of at least 5 m 
of silt loam, provides a good protection against downward leakage. 
 
Physical clogging due to the mobilisation of clay minerals and the precipitation of 
iron hydroxides should be monitored. The risk of aquifer contamination due to the 
release of trace elements especially for arsenic was investigated further and 
seems to be limited.  
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1 Introduction 
The National Center for Water Resources Planning and Investigation (NAWAPI), together with the 
“Climate resilient management of groundwater and geohazards” (CRMGG) project by the Federal 
Institute for Geosciences and Natural Resources (BGR), is implementing a technical cooperation 
program (07/2022–06/2025) with the objective to improve regulatory, institutional and technical 
requirements for climate resilient use of groundwater resources and management of geohazards in 
the Mekong Delta. 

1.1 Project area 

Under Output 2 (“Practical Solutions”), CRMGG is currently investigating the feasibility of aquifer 
storage and recovery (ASR) at a pilot site in Nga Bay, Hau Giang province. In cooperation with the 
Partners for Water funded project “ASR application for Domestic Fresh Water Supply in the Vietnamese 
Mekong Delta”, a monitoring well (M1) was drilled and installed in January 2024 on the premises of Hau 
Giang Water Supply and Sewerage Joint Stock Company (HAWASUCO). The M1 monitoring well is 
located about halfway between the two existing production wells G1 and G2 (Figure 1) and was drilled 
to 210 m depth. 

 

Figure 1: Location of the ASR pilot. a) Overview map of CRMGG project provinces in the Mekong Delta; b) Hau Giang province 
with monitoring wells and districts; c) Location of M1 on the premises of HAWASUCO in Nga Bay. G1 and G2 are existing 

production wells; d) Schematic cross-section of Nga Bay district showing the depths of the monitoring wells (Q) and production 
wells (PW) around HAWASUCO premises 
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1.2 Objectives 

It is beneficial to have detailed knowledge of the sediments present in the subsurface to be able to: 

 assess the hydrogeological suitability of the receiving aquifer qp1 regarding water quantity 
based on grain size distribution, 

 assess the likelihood of vertical leakage through the over- or underlying confining layers based 
on grain size distribution and mineralogy,  

 assess the likelihood of clay swelling based on clay mineralogy, 
 assess the compatibility of recharged water with the aquifer based on mineralogy, organic 

matter content and cation exchange capacity, 
 obtain data for modelling geochemical reactions and potential clogging in the underground. 

Hence, an exploratory drilling was undertaken before the drilling of the ASR well to take sediment 
samples of the target aquifer and the over- and underlying aquitards. 
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2 Methods 
2.1 Sediment sampling 

The main goal of the drilling was to investigate the position and the characteristics of the qp1 aquifer, 
which is the target aquifer for the ASR project. The South Division of NAWAPI (DWRPIS) undertook the 
drilling with rotary mud drilling (Figure 2). At depths of 150–210 m bgl, sediments were collected with a 
core catcher and placed in wooden crates (Figure 2). In the field, sediment samples were air-dried and 
grain size was determined based on comparison to a sand ruler.  

A total of 18 disturbed representative samples of about 300 g each (Table 1) were collected by a 
geologist from Vitens-Evides International (VEI) on 14 January 2024 from the overlying aquitard, aquifer 
qp1 (screen installed from 168–188 m bgl) and the underlying aquitard, packed in plastic bags and 
shipped to BGR laboratory for the following analyses: 

 grain size analysis using granulometry,  
 mineralogy using X-ray diffraction (XRD), 
 total elemental composition using X-ray fluorescence (XRF), 
 carbon (total and organic) and sulphur (total) content, 
 cation exchange capacity (CEC), and 

 
A subset of samples was analysed for arsenic content using scanning electron microscope – energy-
dispersive X-ray spectroscopy (SEM-EDX) and total extraction. 

     

Figure 2: DWRPIS drilling monitoring well M1 with mud rotary drilling (left); clayey aquitard (150–155 m depth; middle) and 
sandy aquifer (163–170 m depth; right) 
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Table 1: Overview of analyses performed on the samples taken from monitoring well M1, Nga Bay City, Hau Giang Province 
(coordinates 9.81780°N, 105.82511°E, EPSG 4326); mS = medium sand 

sample 
ID 

LIMS 
No. 

depth 
(m bgl) 

description 
of material 
in field 

grain 
size 

analysis 
XRD XRF 

total 
carbon 

organic 
carbon 

total 
sulphur 

CEC 

S1 2402148 150–153 clay X X X X X X X 

S2 2402149 161–164 clay + mS X X X X X X X 

S3 2402150 164–167 mS X X X X X X 
 

S4 2402151 167–170 mS X X X X X X X 

S5 2402152 170–173 mS X X X X X X 
 

S6 2402153 173–176 mS X X X X X X X 

S7 2402154 176–178.5 silt + mS X X X X X X X 

S8 2402155 178.5–181 mS X X X X X X  

S9 2402156 181–184 mS X X X X X X X 

S10 2402157 184–187 mS X X X X X X X 

S11 2402158 187–190 mS X X X X X X 
 

S12 2402159 190–193 mS + silt X X X X X X X 

S13 2402160 193–196 mS X X X X X X 
 

S14 2402161 196–199 clay + silt X X X X X X X 

S15 2402162 200–201.5 silt X X X X X X 
 

S16 2402163 203–206 clay + silt X X X X X X X 

S17 2402164 206–208 mS X X X X X X 
 

S18 2402165 208–210 mS X X X X X X  

2.2 Analytical methods 

Sediment samples arrived on 21 February 2024 in Hannover and were transferred to the sediment 
laboratory on 22 February 2024. After drying at 60°C for 24 hours and homogenisation with jaw crusher 
or porcelain mortar, each sample was representatively divided with a riffle divider into sub-samples 
including backup samples and labelled with the LIMS numbers (Figure 3). 

 Subsample 1 for grain size analysis 
 Subsample 2 for grinding and analysis by XRD and XRF 
 Subsample 3 after grinding selection of samples (30 g each) were send to external lab for CEC 

analysis (Andreas Decher Minerals Services) 
 backup material (unground) 

For one sample, the depth on the bag was slightly different (176–178.5 m according to the list or 177–
178.5 m according to the bag), which was noted on the sample sheet. 
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Figure 3: Example of sample packed in the field (left), prepared subsamples (middle) and backup material (right) 

2.2.1 Granulometry 

The particle size analysis of samples rich in material < 63 µm was carried out using a combined sieving 
and sedimentation procedure. 10 g of each sample was dispersed in deionised water and shaken 
overnight using an end-over-end shaker. The fractions < 63 µm and > 63 µm were separated by wet 
sieving and recovered by oven drying at 60°C. After dispersion using 0.01 n tetra-sodium diphosphate 
decahydrate, the fractions < 63 µm were analysed following Stokes' law on frictional force exerted on 
spherical objects of very small particle size, i.e. the equivalent diameter of the particles was 
determined. A MICROMERITICS SediGraph® III Plus 5125 particle size analysis system was used. This 
robotised line system, which was operated with ultrasound disaggregation, determines the sinking 
velocity of particles in a suspension through their absorption of x-rays. The fractions > 63 µm were then 
analysed by dry sieving using an automated system (see next paragraph). For quality control of particle 
size analysis, a clay- and silt-rich monitor sample (Lower Cretaceous, Alb, Oegenbostel) is analysed in 
each run of 18 samples (Frederickx et al., 2024). 

The grain size analysis of samples poor in material < 63 µm (< 10 mass%) was performed in a different 
way. Prior to grain size analysis, 100 g air-dried sand material was washed and particles < 63 µm were 
allowed to pass a < 63 µm sieve. The sand fraction > 63 µm was dried again and the amount of material 
< 63 µm was calculated by difference between initial and recovered sample mass. The grain size 
analysis of the dried sand was performed using an optically based instrument (dynamic image analysis; 
Camsizer, Retsch). The instrument employs two digital cameras (with CCD –charge-coupled device– 
sensors) to record falling particles (dynamic image analysis) in the grain size of 0.03-30.0 mm. The 
instrument images a falling curtain of sediment and determines the grain size of each particle in the 
image using two different cameras. Typically images of a few million grains were processed for each 
sample (Altuhafi et al., 2013). For quality control of particle size analysis of sand-rich samples, a silt- and 
sand-rich monitor sample (Oegenbostel) is analysed in each run of 16 samples. 

2.2.2 X-ray diffraction (XRD) 

XRD powder pattern were recorded using a PANalytical X’Pert Pro MPD (materials powder 
diffractometer) Θ-Θ diffractometer (Co-Kα radiation generated at 40 kV and 40 mA), equipped with a 
variable divergence slit (20 mm irradiated length), primary and secondary Soller slits, graphite 
monochromator, proportional counter, and a sample changer (sample diameter 27 mm). After back 
loading for random powder conditions, XRD powder pattern were analysed from 1° to 80° 2Θ with a 
step size of 0.03° 2Θ and a measuring time of 3 seconds per step.  
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XRD analysis of clay minerals of selected samples was performed on oriented specimen (ceramic tiles 
of 27 mm diameter). The suspensions were filtered through the tiles using a vacuum-filter apparatus 
avoiding segregation during preparation (Dohrmann et al., 2009). Clay minerals were oriented 
preferentially parallel to their basal planes. XRD pattern of < 2 µm fractions were recorded after drying 
on the same system but from 1° to 40° 2Θ with a step size of 0.03° 2Θ and a measuring time of 6 
seconds per step. Furthermore, the specimens were stored overnight in an ethylene glycol (EG) 
atmosphere at 60ºC. The clay films were measured as before after cooling to room temperature, 
representing EG conditions.  

2.2.3 X-ray fluorescence (XRF) 

For XRF analysis of powdered samples, a PANalytical Axios spectrometer was used (ALMELO, The 
Netherlands). Samples were prepared by mixing with a flux material (lithium metaborate Spectroflux, 
Flux No. 100A, Alfa Aesar) and melting into glass beads. The beads were analysed by wavelength-
dispersive XRF. To determine the loss on ignition (LOI), 1000 mg of sample material were heated to 
1030ºC for 10 minutes. 

2.2.4 C and S analyses 

Total carbon (TC), total organic carbon (TOC), total inorganic carbon (TIC), and total sulphur (TS) content 
were determined by a LECO CS-444 analyser by heating up powdered samples. Evolved gaseous 
products were detected by IR absorption and quantified by comparison with standards. Once the TC 
had been determined, samples were measured again after the carbonate had been dissolved, which 
was performed several times at 80°C with HCl until no gas was released. TIC was calculated by the 
difference of TC − TOC. The error of the LECO values in the present study is < 0.1 mass%. The 
calibrations were validated by analysing reference materials (7 for carbon, 8 for sulphur) each time and 
a sedimentary standard material every 12 samples.  

2.2.5 Cation exchange capacity (CEC) 

CEC analyses were performed on 22 March 2024 for 10 samples by a commercial laboratory (Andreas 
Decher Mineral Services) using duplicate analysis for quality control as the BGR laboratory was not 
available for analysis. The CEC was determined using the Cu-trien method (Meier and Kahr, 1999) and 
modified and tested by Dohrmann et al. (2012). Duplicate measurements were made by adding Cu-
trien solution (30.0 mL) to clay with a liquid/solid ratio of approximately 150 L/kg and dispersed for 15 
minutes using an IKA MS-3 digital shaker (3.000 rpm). After reaction for 2 hours and centrifugation for 
20 minutes at 3.280 relative centrifugal force the Cu-trien complex concentration of clear supernatants 
were analysed using VIS spectroscopy (Perkin-Elmer Lambda 365 Spectrometer, 578 nm) to calculate 
CEC index cation values. The water content of the samples is determined on parallel samples by drying 
at 107°C and the amount of water loss was used to correct CEC values to prevent artefacts from drying 
at temperatures > 60°C. Results are enclosed in Appendix C. 

On 29 October 2024, the BGR laboratory performed a CEC analysis on the 18 duplicate sediment 
samples with the same technique as the commercial lab. Priority was given to the latter’s results, as 
new staff had been introduced to the method at the BGR laboratory. However, the full results are 
enclosed in Appendix D. 
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To ensure data quality, the following criteria are required: 

(1) The mean of the standard deviations from the duplicate determinations should be less than 
0.7 cmol+/kg.  

(2) The acceptable measurement range must be between 25% and 95% of the absorbance of the 
solution without the addition of a sample.  

2.2.6 Scanning electron microscope – energy-dispersive X-ray spectroscopy (SEM-EDX) 

In order to identify any arsenic (As) enrichment, SEM-EDX was performed on the heavy mineral fraction 
of five selected samples (S2, S5, S7, S10 and S16), which contained a sufficient percentage of sand. 
Unfortunately, it was not possible to carry out the analysis on sample S1, as it did not contain enough 
sand grains. The heavy mineral fraction was separated by individually picking sand grains from the raw 
sample on SEM sample holders (stubs). No further treatment was applied. 

A Zeiss Sigma 300 VP (variable pressure) FEG (field emission gun) SEM operating at 10 kV was used to 
evaluate non-coated samples on the micro scale using the low-vacuum mode. The microscope is 
equipped with the following detectors: Bruker Xflash® 6/30 EDX detector, high definition backscattered 
electron detector (HDBSD), secondary electron detector (SE), variable pressure secondary electron 
detector (VPSE), and an InLens detector for detection of secondary and backscattered electrons.  

2.2.7 Total extraction 

As XRF results are not robust for arsenic, total extraction or digestion with strong acids (HF/HNO₃/HCl) 
(Agemian et al., 1975) was performed for five selected samples (S1, S2, S5, S7, S16). 50 g of dried (110°C, 
>12 hours) sample powder was digested with 3 mL concentrated HCl, 1 mL concentrated HNO₃ and 
1 mL concentrated HF for 50 minutes at 210°C. After the microwave digestion, the solutions were 
evaporated and filled up twice with 5 mL HCl on a hot plate before final dilution with 0.5 M HNO₃. The 
digested samples were analysed for arsenic and cadmium with an Agilent 7900 inductively coupled 
plasma mass spectrometer (ICP-MS). 
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3 Results 
3.1 Granulometry 

Particle size analysis as based on ISO 14688-1:2017 is listed in Table 2. The first two samples (150–153, 
161–164 m) are clay and silt loam with only small percentages of sand representing the overlying 
aquitard. The aquifer qp₁ (164–190 m bgl) is medium sand with > 95% of sand, except for a thinner 
band (176–178.5 m bgl), which is sandy loam with only 72% of sand. From 190 to 201.5 m bgl, the 
samples are mixed sand with loamy sand, sand and sandy loam. The aquitard below, consisting of silt 
loam, is only 5 m thick (203–208 m bgl), before the next aquifer n₂² starts with medium sand from a 
depth of 208–210 m. 

Table 2: Particle size analysis of the well M1 samples (fractions in µm). Samples with < 10 mass% < 63 µm were analysed 
without differentiation of < 63 µm fractions. Classification based on USDA sediment triangle. mS = medium sand, sL = sandy 

loam, lS = loamy sand 

  clay 
fine 
silt 

medium 
silt 

coarse 
silt 

fine sand 
medium 

sand 
coarse sand gravel 

sample ID class <2 
2–
6.3 

6.3–20 
20–63 
or <63 

63–
112 

112–
200 

200–
355 

355–
630 

630–
1120 

1120–
2000 

>2000 

S1 150–153 clay 61.5 29.1 5.8 0.0 0.0 0.1 0.2 0.4 0.8 1.2 1.0 

S2 161–164 silt loam 25.2 24.1 27.5 7.5 1.0 0.9 1.1 1.8 3.7 4.7 2.4 

S3 164–167 mS       2.8 2.8 11.5 26.0 32.7 16.7 6.2 1.3 

S4 167–170 mS       3.5 3.3 13.5 28.7 32.1 14.2 4.2 0.6 

S5 170–173 mS       3.9 3.0 12.5 27.1 33.2 15.7 4.0 0.7 

S6 173–176 mS       5.3 1.6 6.2 21.3 29.6 20.9 12.9 2.3 

S7 176–178.5 sL 8.7 6.7 5.9 4.3 5.7 15.2 32.3 15.2 1.6 2.0 2.4 

S8 178.5–181 mS       2.3 1.6 9.8 32.6 33.4 15.5 4.2 0.5 

S9 181–184 mS       3.9 3.5 14.1 36.4 28.1 11.0 2.8 0.2 

S10 184–187 mS       3.9 4.0 15.6 37.8 28.1 9.3 1.4 0.1 

S11 187–190 mS       4.2 4.2 16.1 39.3 28.0 7.3 0.9 0.1 

S12 190–193 lS 6.3 4.6 5.0 1.4 6.2 11.6 23.1 29.1 11.4 1.2 0.2 

S13 193–196 mS       9.7 4.0 11.3 28.1 30.1 13.3 3.2 0.3 

S14 196–199 (fine)sL 9.3 5.9 6.7 9.8 52.8 12.7 1.3 0.4 0.5 0.5 0.1 

S15 200–201.5 l(fine)S 4.5 5.7 6.2 2.6 59.0 18.3 1.5 0.5 0.5 1.0 0.4 

S16 203–206 silt loam 24.0 19.9 23.6 9.4 9.5 4.0 1.0 1.1 2.7 3.8 1.0 

S17 206–208 silt loam 18.9 19.6 31.4 13.4 3.5 2.7 0.9 1.4 3.5 3.9 0.8 

S18 208–210 mS 2.3 2.8 3.7 0.6 4.4 22.1 38.4 14.0 8.3 3.1 0.6 
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3.2 X-ray diffraction (XRD) 

XRD results are listed in Table 3. All samples have quartz (SiO₂) as major component. Only the aquitard 
samples S1 and S2 have another major component, i.e. siderite (FeCO₃), while the rest of the samples 
have siderite only as minor component. These samples are also the only ones that have rutile (TiO₂) as 
minor component. Feldspar (KAlSi₃O₈/NaAlSi₃O₈-CaAl₂Si₂O₈) is a minor component in all samples, except 
the first two samples. All samples contain the non-swelling clay minerals mica/illite, kaolinite 
(Al₂Si₂O₅(OH)₄) and chlorite as minor or possible component. The same applies to the expandable clay 
mineral smectite, with the exception of S3 where smectite was not detected. Pyrite (FeS₂) is only 
present as minor or possible component in five loam(y) samples. Calcite (CaCO₃) was only found as 
possible component in the sandy sample S8. 

Table 3: Mineralogical composition (qualitative analysis) by XRD powder analysis, CEC values (cmol+/kg; Appendix C and 
Appendix D), content (mass%) of < 2 µm respectively < 63 µm fractions (see Table 2), and clay mineral verification by analysis 

of fractions < 2 µm (bold) of the well M1 samples studied. X: major components, x: trace component, (x): not verified but 
possible (too low concentration); x: verified in < 2 µm fractions. 
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classification 

S1 150–153 92119 X X 
 

x x x x 
 

x 
 

17 62 96 clay 

S2 161–164 92120 X X 
 

x x x x x x 
 

12 25 84 silt loam 

S3 164–167 92121 X x x (x) (x) (x) 
 

   1  3 medium sand 

S4 167–170 92122 X x x x (x) (x) (x)    1  3 medium sand 

S5 170–173 92123 X x x (x) (x) (x) (x)    1  4 medium sand 

S6 173–176 92124 X x x (x) (x) (x) (x)    2  5 medium sand 

S7 176–178.5 92125 X x x x x x x    2 9 26 sandy loam 

S8 178.5–181 92126 X x x x (x) (x) (x)   (x) 1  2 medium sand 

S9 181–184 92127 X x x (x) (x) (x) (x)    1  4 medium sand 

S10 184–187 92128 X (x) x (x) (x) (x) (x)    1  4 medium sand 

S11 187–190 92129 X x x (x) (x) (x) (x)     1  4 medium sand 

S12 190–193 92130 X x x x (x) (x) (x)    3 6 17 loamy sand 

S13 193–196 92131 X x x x (x) (x) (x)    2 
 

10 medium sand 

S14 196–199 92132 X x x x x x x x   5 9 32 (fine) sandy loam 

S15 200–201.5 92133 X x x x x x x (x)   4 5 19 loamy (fine) sand 

S16 203–206 92134 X x x x x x x x   10 24 77 silt loam 

S17 206–208 92135 X x x x x x x x   10 19 83 silt loam 

S18 208–210 92136 X x x x x x (x)    2 2 9 medium sand 
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Based on extended XRD analysis of separated clay fractions < 2 µm of selected samples (Figure 4), 
presence of expandable clay minerals of the smectite group were identified in all four samples (marked 
in bold in Table 3). Presence of smectite interlayers with strong sealing properties can be studied by 
changes in intensities after solvation with EG (red lines). Peaks of the basal reflections (d00l series) 
shifted to positions around 17 Å (d₀₀₁) with typical broad peaks of the integral series: 2nd and 3rd order 
peaks at around 8.5 Å (d₀₀₂), and 5.6 Å (d₀₀₃). 

Comparison of CEC values (Table 3) with smectite verification by XRD (Figure 4) indicated that smectites 
are present both in clay-rich and in coarser samples.  

 In the upper aquitard S1 (150–153 m, clay) the CEC value is high with 17 cmol+/kg, which 
correlates well with a large amount of material in the clay fraction < 2 µm (Table 3). Here 
smectite was verified by EG solvation (red line, Figure 4).  

 In the sample S2 (161–164 m, silt loam) the CEC value is also high with 12 cmol+/kg but lower 
than in S1. This lower CEC values indicated a lower amount of expandable clay minerals as 
reported by Frederickx et al. (2018) for admixtures of clays with discrete smectite and illite-
smectite mixed layers. This lower CEC correlates well with a lower amount of material in the 
clay fraction < 2 µm (Table 3) and lower amounts of Al₂O₃ (representing fine-grained 
alumosilicates; Figure 5). Here again smectite was verified by EG solvation (red line, Figure 4).  

 The sample S17 (206–208 m) below the target aquifer is very similar to S2 (CEC 10 versus 
12 cmol+/kg; mass < 2 µm 24 versus 25%; Table 3) and also the XRD EG pattern (Figure 4). It was 
hence classified as silt loam, even though the field description was given as “medium sand” 
originally. 

 The sample S7 (176–178.5 m, sandy loam) has the lowest CEC value and the lowest amount of 
clay fraction of the four selected samples studied for presence of smectite. However, even in 
this sample, smectite was identified in low concentrations (Figure 4). 

In general samples with large amounts of smectite are typically indicative for a low hydraulic 
permeability as summarised in Wagner (2013): “In general, higher clay contents in a soil cause higher 
plasticity, greater shrinkage and swell potential, lower hydraulic conductivity, higher compressibility, 
higher cohesion and lower internal angle of friction.” Indirectly, CEC values can be used to estimate 
hydraulic permeability because CEC correlates with the smectite content (Frederickx et al., 2018).  

XRD diagrams (whole rock powder and clay fractions) for all other samples are displayed in Appendix A. 
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Figure 4: XRD diagrams of fractions < 2 µm prepared as oriented aggregates and analysed in air-dry (AD, black lines) and after 
ethylene glycol (EG, red lines) solvation. From upper left to lower right: Nga Bay M1: 150–153 m, 161–164 m, 176–178.5 m, and 

203–206 m. Smectite intensities can be detected by changing positions of basal reflections upon EG intercalation.  

3.3 X-ray fluorescence (XRF) 

Chemical compositions of the well M1 samples are displayed for major oxides in Figure 5 and for trace 
elements in Figure 6. Tables with all elements measured are presented in Appendix A. 

The main oxide for all samples with >55% up to 91% is SiO₂ reflecting the quartz as main component as 
also found in the XRD results. Other main components are Al₂O₃ (up to 18.7%), Fe₂O₃ (up to 8.8%) and 
loss of ignition (LOI, reflecting loss of CO₂ from organic matter and carbonates, as well as loss of OH 
groups from clay minerals and crystalline water; up to 10.4%), followed by K₂O (up to 2.7%) and MgO 
(up to 1.6%). All other elements are <1%. 

Samples with higher percentages of fines (clay + silt fraction) show a positive correlation to Al₂O₃ and 

Fe₂O₃ reflecting the increase in siderite, feldspar and clay minerals, while SiO₂ concentrations are 
positively correlated to the sand fraction (Figure 7). This clearly indicates that the sediments consist of 
the same minerals influenced by the mixing of different particle size classes. Positive correlation 
between the fines was also found for the percentages of LOI, K₂O and MgO. 

TiO₂ is comparatively high (0.81 and 0.91%) for the first two samples, where rutile is detected, but S17 
also has 0.82% TiO₂, while rutile is not detected. Sample S8, where calcite is suspected, shows the 
lowest CaO concentrations (0.16%). 

Trace elements (Figure 6) are dominated by Ba (median 275 mg/kg), Cr (median 173 µg/kg) and Zr 
(median 92 mg/kg). The lanthanides decrease in the order Ce (median 67 mg/kg), Nd, and La (median 
50 mg/kg). Sr and Rb also have median concentrations of around 50 mg/kg. Transition metals decrease 
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in the order of Ni (median 38.5 mg/kg), Zn, V, Y, Cu, Pb, Co and Nb (median 5 mg/kg). Arsenic cannot be 
detected well with XRF and is only present in low concentrations (median 8 mg/kg). Bi, Cs, Hf, Mo, Sb, 
Sc, Sm, Sn, Ta, U and W are all below detection limits. The full results are presented in Appendix A. 

For Rb, Zn, Cu, Pb and As, there was a positive correlation of trace elements with increasing 
concentration in fine materials (Figure 8). For other elements only weak to no correlation was found. 

 

Figure 5: Major oxides in sediment samples from monitoring well M1 

 

Figure 6: Selected trace elements in sediment samples from monitoring well M1 
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Figure 7: Correlation between sand fraction and SiO₂ concentration (blue) as well as between the sum of clay + silt fraction and 
Al₂O₃ concentration (yellow) and the sum of Al₂O₃ + Fe₂O₃ (green) 

 

Figure 8: Correlation between the content of fines (clay + silt) and concentration (logarithmic scale) of selected trace elements 
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3.4 C and S analyses 

Total carbon (TC), total organic carbon (TOC), total inorganic carbon (TIC), and total sulphur (TS) content 
results are presented in Table 4. TIC was calculated as: TIC = TC − TOC. Inorganic carbon contents were 
used to calculate equivalent siderite concentrations, as only traces of another mineral of the carbonate 
group were detected in one sample (sample S8). At least for the upper two samples S1 and S2 (marked 
in yellow in Table 4), the high siderite concentrations were also classified as a major component in 
accordance with this semi-quantitative estimate.  

Overall, TOC concentrations are low, with 0.7 mass% in the clayey samples (S1, S2) and 0.06 mass% in 
the medium sand samples. This probably indicates that most of the organic matter that would have 
been deposited in the estuarine environment, which could be around 10 wt% as reported by Unverricht 
et al. (2013) from fresh marine sediments, has already been decomposed. 

Table 4: Results of LECO Analyser and calculated TIC and siderite equivalent 

sample-ID 
TS 
(mass%) 

TC 
(mass%) 

TOC 
(mass%) 

TIC 
(mass%) 

siderite 
equivalent 
(mass%) 

description of 
material 

S1 150–153 0.22 1.34 0.61 0.73 7 clay 

S2 161–164 0.27 1.26 0.81 0.45 4 silt loam 

S3 164–167 0.05 0.15 0.05 0.10 1 medium sand 

S4 167–170 0.05 0.15 0.06 0.09 1 medium sand 

S5 170–173 0.04 0.13 0.06 0.07 1 medium sand 

S6 173–176 0.04 0.18 0.06 0.12 1 medium sand 

S7 176–178.5 0.06 0.79 0.08 0.71 7 sandy loam 

S8 178.5–181 0.03 0.12 0.05 0.07 1 medium sand 

S9 181–184 0.04 0.13 0.06 0.07 1 medium sand 

S10 184–187 0.04 0.13 0.06 0.07 1 medium sand 

S11 187–190 0.05 0.13 0.05 0.08 1 medium sand 

S12 190–193 0.26 0.48 0.26 0.22 2 loamy sand 

S13 193–196 0.07 0.22 0.10 0.12 1 medium sand 

S14 196–199 0.21 0.26 0.18 0.08 1 (fine)sandy loam 

S15 200–201.5 0.06 0.23 0.08 0.15 1 loamy (fine)sand 

S16 203–206 0.43 0.55 0.44 0.11 1 silt loam 

S17 206–208 0.26 0.63 0.44 0.19 2 silt loam 

S18 208–210 0.15 0.49 0.08 0.41 4 medium sand 
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Total sulphur (TS) correlates with TOC but no correlation was observed for TS against TIC (Figure 9). TS 
contents could partly be explained by pyrite detected using XRD (marked in green in Table 4). However, 
at such low TS concentrations, XRD detection of S-rich phases such as pyrite is limited. 

 

Figure 9: Correlation between total sulphur (TS) and total organic carbon (TOC) and total inorganic carbon (TIC) 

3.5 Cation exchange capacity (CEC) 

The analysed samples had a mean standard deviation of CEC of less than 0.07 cmol+/kg. The 
measurement range of the solutions was between 78% and 94% of the absorbance of the solution 
without the addition of a sample (Appendix C). In one case (S7, MS-24-024), only 96% of the absorbance 
of the starting solution was achieved for one of the duplicates. However, the analysis was considered 
sufficiently successful and not repeated. BGR analysis later confirmed the values within ±10%, except 
for S12 where the BGR result was 16% lower. 

Results varied from 1 to 17 cmol+/kg (Table 3) with increasing CEC with increasing percentage of fine 
sediments (Figure 10) and low CEC (mean 1.5 cmol+/kg) for the medium sands. Based on the CEC result 
it is clear that sample S14 196–199 contains less clay content than S16 203–206, even though they had 
the same description in the field. This was also confirmed through the granulometry (Table 2). XRD 
analysis of four selected < 2 µm fractions showed that always the same kind of clay mineral 
composition including smectite was identified, only their concentration varied. Good correlation of CEC 
values versus clay contents (Figure 10) indicates that variation in clay mineral composition may be 
small. CEC values are dominated by smectite, the clay minerals that have a very good ability to seal. 
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Figure 10: Correlation between CEC and content of clay and silt 

3.6 Scanning electron microscope – energy-dispersive X-ray spectroscopy 
(SEM-EDX) 

Because arsenic contamination has been reported in a number of managed aquifer recharge projects 
(Fakhreddine et al., 2021; Wallis et al., 2011), in-depth geochemical analysis of trace element 
concentrations of the sediments was identified as a next step. Geochemical SEM-EDX mapping of 
enriched heavy mineral fractions was considered as a possibility to identify sources of metals such as 
arsenic in sulphides (Houben et al., 2017). Five representative samples were selected for heavy mineral 
enrichment: S2 (S-rich), S5 (main aquifer), S7 (siderite-rich but poor in S), S10 (main aquifer), and S16 (S-
rich). 

Most arsenic was found in the upper aquitard sample S2 with 16 out of 67 particles containing As 
concentrations of 0.2–0.9 atom%. Presence of As concentrations of 0.9 atom% was detected in only 1 
out of 54 particles analysed in sample S5 and of 0.3 atom% in 1 out of 45 particles analysed in sample 
S7. No single particle with As was identified in sample S10 and S16 (Table 5). Images show all particles 
analysed, many of which were Fe-sulphides. Where As was detected, the grain can be identified by a 
yellow box (Figure 11–Figure 13). 

Table 5: Number of heavy mineral grains containing arsenic and maximum arsenic concentration 

sample ID material 
number of 

particles analysed 
number of 

particles with As 
As (atom%) 

S2 161–164 silt loam 67 16 (24%) 0.2–0.9 

S5 170–173 medium sand 54 1 (2%) 0.9 

S7 176–178.5 sandy loam 45 1 (2%) 0.3 

S10 184–187 medium sand 98 0  

S16 203–206 silt loam 122 0  
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Figure 11: As concentration of 0.3-0.4 atom% in two Fe-sulphide particles in sample S2 (marked by yellow boxes) 

 

Figure 12: As concentrations of 0.2-0.6 atom% in five Fe-sulphide particles also in sample S2 (marked by yellow boxes) 

 

Figure 13: As concentrations of 0.9 atom% in one out of 54 particles in sample S5 
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3.7 Total extraction 

Sequential extraction of sediments was also used to further investigate the possibility of trace metal 
release during ASR operations. Initially, three extraction steps were considered:  

1. first extraction test with sodium acetate solution at pH8.2 for exchangeable trace elements 
(Tessier et al., 1979); 

2. second extraction test with sodium acetate solution at pH5 for trace elements bound to 
carbonates (Tessier et al., 1979); 

3. total extraction (Aqua regia + hydrofluoric acid) (Agemian et al., 1975). 

Total extraction found that concentration for Cd (not measured by XRF) were below the detection limit 
of 1 mg/kg for all five tested samples. The arsenic concentrations (5–18 mg/kg) corresponds fairly well 
to the concentrations measured by XRF (Table 6), despite the limitations of XRF techniques in the 
determination of As. Additional extraction steps were not performed during this study, but could be 
considered if elevated trace metal concentrations were found during operation of the ASR system. 

Table 6: Concentrations of Cd and As for selected samples measured by full rock digestion and KED ICP-MS compared to 
concentrations by XRF. Cd was not measured by XRF. 

Sample ID material 
Cd 

KED ICP-MS 
As 

KED ICP-MS 
As 

XRF 

  mg/kg mg/kg mg/kg 

S1 150–153 clay <1 17.8 17 

S2 161–164 silt loam <1 17.7 16 

S5 170–173 medium sand <1 5.4 7 

S7 176–178.5 sandy loam <1 5.4 10 

S16 203–206 silt loam <1 17.1 20 
 

 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

19 

4 Discussion 
4.1 Hydrogeological suitability of the aquifer 

The screen for this well (and planned for the ASR recharge well) is located at depths 167–187 m bgl in 
the aquifer qp₁. This 20-m layer is a hydrogeological favorable aquifer as it consists of medium sand 
(S4, S5, S6, S8, S9, S10) with only a 2.5-m thick layer (S7, 176–178.5 m bgl) of sandy loam (Figure 14). The 
aquifer is dominated by quartz with minor components of siderite and feldspar. It contains only limited 
amounts of organic matter content (TOC < 0.08 mass%), and limited amounts of clay minerals, which is 
reflected in the low CEC values (<2 cmol+/kg), low LOI (1.16 mass%) and low aluminum and iron oxide 
concentrations (3.5 and 1.5 mass%, respectively). Only the sandy loam layer contains proven amounts 
of clay minerals in minor quantities and also higher concentrations of aluminum and iron oxide (> 5 %). 
Pyrite was not detected in the aquifer, which corresponds to the low total sulphur concentrations 
(< 0.06 mass%).  

 

Figure 14: Stratigraphy and lithology of the M1 well summarising the analysis results of grain size analysis, total carbon, 
organic carbon, total sulphur content, cation exchange capacity and selected XRF results 
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4.2 Vertical leakage 

The overlying aquitard Q₁¹ was detected at depths < 150–156 m bgl based on core samples1 and was 
classified as clay with 96% fine materials represented by sample S1. The consistency was very stiff in 
the field. The presence of clay minerals like mica/illite, kaolinite, chlorite and smectite was confirmed in 
the XRD measurements and correlated with a higher CEC of 17 cmol+/kg. This is a typical value for 
sediments found in alluvial soils in the Mekong Delta (Hai et al., 2005; Minh et al., 2023). XRD analysis of 
four selected < 2 µm fractions showed that the same kind of clay mineral composition including 
smectite was identified, only their concentrations varied. Good correlation of CEC values versus clay 
contents (from particle-size analysis) indicates that variation in clay mineral composition may be small. 
CEC values are dominated by smectite, which has a very good ability to seal. The organic matter 
content and the total sulphur content is in the higher range compared to all analysed samples, but still 
generally low with 0.61% TOC and 0.22% TS, respectively. The LOI was 10.4 mass%, which reflects the 
large presence of clay minerals and siderite.  

Overall, it is estimated that the overlying aquitard provides a good protection against upward 
leakage. However, this only applies to the borehole area and the lateral extent and the thickness of 
aquitard Q₁¹ in the heterogeneous delta setting is difficult to estimate. The borehole log from Q607 
(about 5.5 km away) shows a layer of silt 8 m thick at depths of 164–172 m and four layers of sandy silt 
(2–6 m thick) at depths of 134–164 m. 

The underlying aquitard N₂² was detected from 196–204 m bgl based on the grain size distribution and 
was classified as a mixture of sandy loam (S14), loamy sand (S15) and silt loam (S16+S17). The presence 
of clay minerals like mica/illite, kaolinite, chlorite and smectite was confirmed for all samples by the 
XRD measurements and correlated with a higher CEC especially in the silt loam (S16) of 10 cmol+/kg, 
and a higher concentration of aluminium oxide concentration (7.1–12.3 mass%). The organic matter 
content and the total sulphur content is in the higher range compared to all analysed samples, but still 
generally low with ≤ 0.44% TOC and ≤ 0.43% TS, respectively. The LOI was up to 5.7 mass%, which 
reflects the presence of clay minerals and siderite.  

Overall, it is estimated that the underlying aquitard provides a good protection against downward 
leakage. The borehole log from Q607 shows the aquitard N₂² 22 m thick from 236–258 m bgl. 

4.3 Risk of physical clogging 

Clogging, a major obstacle in ASR applications, causes declines in recharge rates and ultimately the 
failure of systems (Jeong et al., 2018). Based on the XRD results, the medium sand does not contain 
significant amounts of expandable clay minerals (smectite). Their presence and other non-expandable 
clay minerals was only confirmed for the sandy loam layer (S7) within the aquifer. As the sandy loam 
layer with 2.5-m thickness is about 12.5% of the total thickness, physical clogging due to swelling of 
smectites might be possible. It is usually more problematic, when fresh water is recharged into 

                                                           

1 Sample drilling only started at 150 m bgl, as drilling was destructive above. The drilling log indicates fine sediment 
started from about 144 m bgl. 
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brackish or saline groundwater (Konikow et al., 2001; Torkzaban et al., 2015), which is not the case at 
the Nga Bay site. 

Clogging due to the migration of interstitial fines such as kaolinite, illite or chlorite could be possible as 
illite was found as minor constituent in three samples. As the velocity in the pores is changing at the 
beginning and end of the injection and recovery cycles, fines might be remobilised and block the pore 
throats (Martin, 2013). A low percentage of interstitial smectite clays (2–5%) in sand resulted in no 
observable signs of clogging due to clay dispersion at a sandy aquifer field site (Martinez et al., 2022). 

Physical clogging can also happen if bentonite used in the rotary drilling is still present at the interface 
between the gravel pack and the aquifer adjacent to the recharge well. It could cause permanent 
reduction of effective hydraulic conductivity, if the well has not been developed properly (Martin, 2013). 
Other forms of clogging (chemical or biological) cannot be judged from the sediment analysis.  

Hence, signs of clogging should be monitored during the operation. 

4.4 Geochemical reactions and risk of contamination 

Geochemical processes include adsorption, desorption, solution, precipitation, cation exchange, clay 
swelling, and several others. There are a number of redox reactions happening when oxidised surface 
water is recharged to anoxic groundwater. Of special importance is pyrite oxidation, as it releases 
mobile oxyanions (such as arsenate, chromate, molybdate, vanadate) and mobile cations such as nickel 
and zinc. The formation of sulphuric acid reduces the pH and can mobilise other adsorbed trace metals. 
Multiple ASR sites have experienced a decrease in recovered water quality due to geogenic metal 
mobilisation related to pyrite oxidation (Brown et al., 2006; Fakhreddine et al., 2021; Rafiq et al., 2022; 
Stuyfzand et al., 2017; Vergara-Sáez et al., 2024). However, at our site pyrite was not detected in the 
aquifer materials 

Based on the XRF results, trace elements of concern could be chromium (mean 233 mg/kg in aquifer), 
nickel (43 mg/kg) or zinc (32.5 mg/kg), if redox and pH conditions become favourable for their release 
during ASR operation. In another ASR study, Co, Ni, Zn, and Mn were co-mobilised during pyrite 
oxidation and their mobility was controlled (i) by the pH buffering capacity and (ii) by the sorption 
capacity of the native aquifer sediments (Vergara-Sáez et al., 2024). There is only limited amounts of 
arsenic in the medium sand (5–8 mg/kg) and slightly more (10–17 mg/kg) in the loamy layers within 
the aquifer. The aquitards showed slightly higher concentrations (8–20 mg/kg). However, XRF analysis 
of arsenic using glass beads is not considered reliable, because arsenic may evaporate during heating 
of samples. Therefore, additional measurements on digested samples by ICP-MS were performed, but 
showed similarly low concentrations of 5.4 mg/kg in the aquifer and 17–18 mg/kg in the aquitards. In 
addition, arsenic was only detected in 24% of particles in the upper aquitard material with 0.2–
0.9 atom% and in 0–2% of particles of the other selected samples during SEM-EDX analysis. The mass 
fractions of arsenic are similar to two shallower (< 80 m) sediment cores in An Giang (2-18 mg/kg) and 
Dong Thap (1–39 mg/kg) (Hoang et al., 2010) and a shallow (< 40 m) sediment core from An Giang with 
mean As concentration of 14 mg/kg (Wang et al., 2018). In the upper Mekong Delta, arsenic 
concentrations in shallow groundwater have been found to often be above 50 µg/L (Berg et al., 2007; 
Hoang et al., 2010). This shows that even low As concentrations in the sediments might lead to elevated 
arsenic concentrations in the groundwater. 
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Overall, the concentrations of trace elements do not initially raise great concerns, but they 
should be monitored in the recovered water. 

On the other hand, dissolved iron will lead to the precipitation of amorphous hydroxides. Reductive 
dissolution of Mn- and Fe-oxides starts after oxygen is completely depleted and nitrate is being 
reduced (Stumm and Morgan, 1995). While the precipitation of minerals will lead to co-precipitation 
and adsorption of trace metals, their dissolution will in turn mobilise previously incorporated or 
adsorbed trace metals (Antoniou et al., 2012; Bahr et al., 2002). 

Dissolution of minerals also applies to carbonates, e.g. calcite, siderite, when the groundwater 
becomes undersaturated by recharge waters with lower ionic strength (Johnson et al., 1999). The 
decrease of pH due to release of CO₂ during organic matter degradation also accelerates dissolution of 
carbonates (Herczeg et al., 2004). The interplay between oxidative/reductive changes induced by ASR 
and dissolution/precipitation reactions with minerals can be complex (Rafiq et al., 2022). Close to the 
recharge well these reactions can occur at the same time in different places or in the same place at 
different times of the ASR cycle. 

Based on the XRF results, iron oxides concentrations are low (1.5 mass%) in the medium sand, but 
higher (5.8 mass%) in the silt loam layer and could be largely present as siderite (FeCO₃) and partially as 
pyrite, which could be at risk of dissolution. The formation of amorphous hydroxides or goethite, would 
contribute to a potential clogging risk. 

4.5 Comparison to previous sediment data 

In 2017, in a previous project, BGR drilled a well cluster in U Minh District, Ca Mau province 
(Pechstein et al., 2018), which is about 105 km WSW of the Nga Bay site.  

At the U Minh site, the Q₁¹ aquitard was detected from 94–100.3 m bgl. It had a considerably lower 
clay and silt content and more fine sand. Accordingly, all parameters related to fine sediments were 
lower (CEC, Al₂O₃, Fe₂O₃, LOI; Table 7). Concentrations of trace elements were in a similar range, albeit a 
bit lower overall (Table 7). The sediments in this aquitard did not contain any kaolinite, smectite or 
pyrite, but also siderite, feldspar, illite and chlorite. Based on pollen and spore analysis it was classified 
as a shallow marine to coastal and estuary depositional environment. 

At U Minh, the aquifer qp₁ was screened at 126–138 m bgl. The aquifer is also dominated by medium 
sand, but with a higher fine sand component. CEC and main element composition is quite similar with 
slightly higher Al₂O₃ percentage (Table 7). With regard to the trace elements, significantly lower values 
were found for Cr (52 mg/kg in U Minh), while the others are within a similar range (Table 7). The 
sediments in this aquifer did not contain any kaolinite, but also siderite, feldspar, illite and chlorite. A 
coastal environment favorable to mangrove forest growth was indicated by pollen-spore analysis. 

At U Minh, the aquitard N₂² was detected from 142–161 m bgl. This aquitard contains higher 
percentages of clay and less fine sand. Accordingly, all parameters related the fine sediments are 
higher (CEC, Al₂O₃, Fe₂O₃, LOI; Table 7). TOC was also higher. Concentrations of trace elements were in 
a similar range, albeit a bit higher overall (Table 7). The sediments in this aquitard did not contain any 
kaolinite and smectite except in one sample, but also contained siderite, feldspar, illite, chlorite and 
pyrite. In addition, gypsum was detected in minor quantities. The pollen-spore analysis pointed to a 
marine to brackish depositional environment favorable to mangrove forest. 
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Table 7: Comparison of main parameters for sediments from Nga Bay (this study) and from U Minh (Pechstein et al., 2018) 

sample ID Unit 
aquitard 

Q₁¹ 
(S1–2) 

aquifer 
qp₁ 

(S4–10) 

aquitard 
N₂² 

(S14–17) 

aquitard 
Q₁¹ 

(94–100.3) 

aquifer qp₁ 
(126–138.2) 

aquitard 
N₂¹ 

(148–162.2) 

    Nga Bay U Minh 

clay mass% 43.4 1.2 14.2 24.4 10.2 42.7 

silt mass% 47.0 5.7 38.5 36.1 15.4 35.5 

fine sand mass% 1.0 15.7 40.6 32.6 32.3 20.3 

med. sand mass% 1.7 59.4 2.0 5.7 41.5 1.1 

coarse sand mass% 5.2 17.1 4.1 0.6 0.6 0.2 

CEC cmol+/kg 14.4 1.5 7.0 8.5 <3 8.6 

TC % 1.3 0.2 0.4 0.9 0.1 1.1 

TOC % 0.7 0.1 0.3 0.4 0.0 0.8 

TIC % 0.6 0.2 0.1 0.5 0.1 0.3 

TS % 0.2 0.0 0.2 0.2 0.1 1.2 

SiO₂ % 59.7 89.8 77.1 70.6 86.8 66.4 

TiO₂ % 0.9 0.2 0.6 0.6 0.3 0.7 

Al₂O₃ % 16.8 3.8 9.8 11.5 6.0 13.0 

Fe₂O₃ % 7.8 2.1 3.9 6.2 2.1 6.1 

MgO % 1.6 0.4 1.1 1.1 0.5 1.5 

K₂O % 2.5 1.3 1.9 2.0 1.5 2.2 

LOI % 9.3 1.5 4.2 6.7 2.0 8.8 

(As) mg/kg 16.5 6.4 14.8 12.5 4.5 18.6 

Ba mg/kg 381 257 306 291 252 280 

Co mg/kg 17.5 8.8 10.0 12.0 7.8 13.1 

Cr mg/kg 87.5 223 64.8 60.0 52.1 66.9 

Cu mg/kg 36.5 13.3 21.3 29.3 18.4 24.7 

Ni mg/kg 39.0 40.1 25.0 31.3 28.6 27.4 

Pb mg/kg 30.5 9.6 16.3 23.8 14.1 23.9 

Rb mg/kg 133 47.0 82.3 101 66.6 116 

Sr mg/kg 96.0 47.1 77.3 68.8 43.4 78.4 

V mg/kg 109 20.0 59.8 79.3 35.9 89.1 

Zn mg/kg 122 30.1 70.0 71.8 29.6 75.7 

Zr mg/kg 180 84.3 313 241 133 276 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

24 

In 2020, the ViWaT-Engineering project also drilled a well in Cai Nuoc district, Ca Mau province (about 
125 km SW of Nga Bay) down to 240 m deep and analysed the sediment samples2. The formations were 
found at similar depth like at to the U Minh site and qp1 aquifer was screen from 132–144 m bgl. For 
the screened aquifer qp1 section, the SiO₂ concentration was significantly lower (65%). TC, TOC, TS and 
trace elements were in a similar range than at Nga Bay. Chromium had a concentration between Nga 
Bay and U Minh (129 mg/kg), but Vanadium was significantly higher (51 mg/kg). For the upper aquitard 
Q₁¹ (91–119 m bgl), sulphur concentration (0.7%) and arsenic (30 mg/kg) were significantly higher than 
in Nga Bay. The underlying aquitard N₂² (148–174 m bgl) was similar to concentrations found in Nga 
Bay. 

Nguyen and Itoi (2009) published XRF and XRD data on sediments of a drilling (265 m bgl) for Chau Phu 
district, An Giang province (about 105 km NW of Nga Bay). Arsenic concentrations (measured by 
wavelength-dispersive XRF) in the sediments ranged from 4 to 45 ppm (median 8 ppm). Illite and 
feldspar was found in 84% of all samples, while kaolinite (48%), smectite (36%) and pyrites (20%) was 
only found in some samples. The presence of hematite (60% of samples) was not related to the Fe₂O₃ 

concentration, while goethite (40% of samples) was found more often in sediments with higher Fe₂O₃ 
concentration. There was a strong correlation between the Fe₂O₃ and arsenic concentration (Figure 15). 

 

Figure 15: Correlation between iron oxide concentration and arsenic in sediments in An Giang (Nguyen and Itoi, 2009) 

 

                                                           

2 Data were received from Jonas Bauer (Karlsruhe Institute of Technology), but are not published yet. 

y = 2.1x + 2.9
R² = 0.93

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20

As
 (p

pm
)

Fe₂O₃ (mass%)



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

25 

5 Conclusions and recommendations 
The underground at the ASR pilot site in Nga Bay seems suitable for managed aquifer recharge with a 
hydraulically suitable aquifer and protective over- and underlying aquitards. The risk of clogging due to 
swelling clay minerals seems limited, but clogging due to iron hydroxide precipitation might be an 
issue.  

The risk of metal mobilisation due to redox reactions seems limited, but should be monitored 
especially for arsenic, chromium, nickel and zinc.  

It would be recommended to use all the collected results from recharge water, native groundwater and 
sediment for geochemical modelling (PHREEQC, Parkhurst and Appelo, 2013) to assess potential 
geochemical reactions and the risk of groundwater contamination for ASR cycles in the future.  

If geochemical modelling results show some concerns for geochemical contamination of the 
groundwater, further batch tests with the sediment, actual recharge water and actual groundwater 
could be envisaged. 

 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

26 

6 References 
Agemian, H., Aspila, K.I. and Chau, A.S.Y. 1975. A comparison of the extraction of mercury from sediments by 

using hydrochloric-nitric acid, sulphuric-nitric acid and hydrofluoric acid-aqua regia mixtures. 
Analyst 100(1189), 253-258. 

Altuhafi, F., O’Sullivan, C. and Cavarretta, I. 2013. Analysis of an Image-Based Method to Quantify the Size 
and Shape of Sand Particles. Journal of Geotechnical and Geoenvironmental Engineering 139(8), 
1290-1307. 

Antoniou, E.A., van Breukelen, B.M., Putters, B. and Stuyfzand, P.J. 2012. Hydrogeochemical patterns, 
processes and mass transfers during aquifer storage and recovery (ASR) in an anoxic sandy aquifer. 
Applied Geochemistry 27(12), 2435-2452. 

Bahr, J., Grundl, T., Harrington, G., Krohelski, J. and Werner, M. 2002 A Review of Aquifer Storage Recovery 
Techniques. Aquifer Storage Recovery Technical Advisory Group (ed), p. 40, Wisconsin Department 
of Natural Resources. 

Berg, M., Stengel, C., Trang, P.T.K., Viet, P.H., Sampson, M.L., Leng, M., Samreth, S. and Fredericks, D. 2007. 
Magnitude of arsenic pollution in the Mekong and Red River Deltas — Cambodia and Vietnam. 
Science of the Total Environment 372, 413-425. 

Brown, C.J., Hatfield, K. and Newman, M. 2006 Lessons learned from a review of 50 ASR projects from the 
United States, England, Australia, India, and Africa. 

Dohrmann, R., Genske, D., Karnland, O., Kaufhold, S., Kiviranta, L., Olsson, S., Plötze, M., Sandén, T., Sellin, P., 
Svensson, D. and Valter, M. 2012. Interlaboratory CEC and Exchangeable Cation Study of Bentonite 
Buffer Materials: I. Cu(II)-Triethylenetetramine Method. Clays and Clay Minerals 60(2), 162-175. 

Dohrmann, R., Rüping, K.B., Kleber, M., Ufer, K. and Jahn, R. 2009. Variation of Preferred Orientation in 
Oriented Clay Mounts as a Result of Sample Preparation and Composition. Clays and Clay Minerals 
57(6), 686-694. 

Fakhreddine, S., Prommer, H., Scanlon, B.R., Ying, S.C. and Nicot, J.-P. 2021. Mobilization of Arsenic and Other 
Naturally Occurring Contaminants during Managed Aquifer Recharge: A Critical Review. 
Environmental Science & Technology 55(4), 2208-2223. 

Frederickx, L., Honty, M., de Craen, M., Dohrmann, R. and Elsen, J. 2018. Relating the Cation Exchange 
Properties of the Boom Clay (Belgium) to Mineralogy and Pore-Water Chemistry. Clays and Clay 
Minerals 66(5), 449-465. 

Frederickx, L., Weltje, G.J., Honty, M., De Craen, M., Dohrmann, R., Jacops, E. and Elsen, J. 2024. Overcoming 
inter-dataset discrepancies in the grain size distributions of fine-grained sediments by partial least 
squares regression: A case study of the Belgian Boom Formation. Sedimentary Geology 464, 106617. 

Hai, N.Q., Egashira, K., Ha, P.Q. and Duc, H.Q. 2005. Selected Chemical Properties of Alluvial Soils in Vietnam. 
J. Fac. Agr.,Kyushu University 50(1), 233-242. 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

27 

Herczeg, A.L., Rattray, K.J., Dillon, P.J., Pavelic, P. and Barry, K.E. 2004. Geochemical processes during five 
years of aquifer storage recovery. Ground Water 42(3), 438-445. 

Hoang, T.H., Bang, S., Kim, K.-W., Nguyen, M.H. and Dang, D.M. 2010. Arsenic in groundwater and sediment 
in the Mekong River delta, Vietnam. Environmental Pollution 158(8), 2648-2658. 

Houben, G.J., Sitnikova, M.A. and Post, V.E.A. 2017. Terrestrial sedimentary pyrites as a potential source of 
trace metal release to groundwater – A case study from the Emsland, Germany. Applied 
Geochemistry 76, 99-111. 

Jeong, H., Jun, S.-C., Cheon, J.-Y. and Park, M. 2018. A review on clogging mechanisms and managements in 
aquifer storage and recovery (ASR) applications. Geosciences Journal 22. 

Johnson, J.S., Baker, L.A. and Fox, P. 1999. Geochemical transformations during artificial groundwater 
recharge: soil-water interactions of inorganic constituents. Water Research 33(1), 196-206. 

Konikow, L.F., August, L.L. and Voss, C.I. 2001. Effects of Clay Dispersion on Aquifer Storage and Recovery in 
Coastal Aquifers. Transport in Porous Media 43(1), 45-64. 

Martin, R.e. (2013) Clogging issues associated with managed aquifer recharge methods, IAH Commission on 
Managing Aquifer Recharge, Australia. 

Martinez, M.B., Widdowson, M.A., Bott, C., Holloway, D., Heisig-Mitchell, J. and Wilson, C. 2022. 
Demonstration of Managed Aquifer Recharge in a Coastal Plain Aquifer: Lessons Learned. 
Groundwater 60(5), 668-674. 

Meier, L.P. and Kahr, G. 1999. Determination of the Cation Exchange Capacity (CEC) of Clay Minerals Using 
the Complexes of Copper(II) Ion with Triethylenetetramine and Tetraethylenepentamine. Clays and 
Clay Minerals 47(3), 386-388. 

Minh, V., Tri, L.Q., Khoa, L., Du, T., Vu, P., Tran Van, D. and Dong, N. 2023. Rice Soil Fertility Classification in 
the Mekong Delta, Vietnam. AGRIVITA Journal of Agricultural Science 45(1), 56-68. 

Nguyen, K.P. and Itoi, R. 2009. Source and release mechanism of arsenic in aquifers of the Mekong Delta, 
Vietnam. Journal of Contaminant Hydrology 103(1), 58-69. 

Parkhurst, D.L. and Appelo, C.A.J. 2013 Description of input and examples for PHREEQC version 3: a 
computer program for speciation, batch-reaction, one-dimensional transport, and inverse 
geochemical calculations, p. 519, Reston, VA. 

Pechstein, A., Hoang, T.H., Orilski, J., Nam, L.H. and Mạnh, L.V. 2018 Detailed investigations on the 
hydrogeological situation in Ca Mau Province, Mekong Delta, Vietnam. (IGPVN), I.o.G.P.i.V. (ed), p. 
58, National Center for Water Resources Planning and Investigation (NAWAPI), Vietnam & Federal 
Institute for Geosciences and Natural Resources (BGR), Germany, Hanoi. 

Rafiq, M.R., Ahmed, K.M., Rietveld, L.C. and van Breukelen, B.M. 2022. Monitoring and inverse modelling of 
hydrogeochemical processes during managed aquifer recharge in Southwestern Bangladesh. 
Applied Geochemistry 146, 105472. 

Stumm, W. and Morgan, J.J. (1995) Aquatic Chemistry: Chemical Equilibria and Rates in Natural Waters. 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

28 

Stuyfzand, P.J., Smidt, E., Zuurbier, K.G., Hartog, N. and Dawoud, M.A. 2017. Observations and Prediction of 
Recovered Quality of Desalinated Seawater in the Strategic ASR Project in Liwa, Abu Dhabi. Water 
9(3), 177. 

Tessier, A., Campbell, P.G.C. and Bisson, M. 1979. Sequential extraction procedure for the speciation of 
particulate trace metals. Analytical Chemistry 51(7), 844-851. 

Torkzaban, S., Bradford, S.A., Vanderzalm, J.L., Patterson, B.M., Harris, B. and Prommer, H. 2015. Colloid 
release and clogging in porous media: Effects of solution ionic strength and flow velocity. Journal of 
Contaminant Hydrology 181, 161-171. 

Unverricht, D., Szczuciński, W., Stattegger, K., Jagodziński, R., Le, X.T. and Kwong, L.L.W. 2013. Modern 
sedimentation and morphology of the subaqueous Mekong Delta, Southern Vietnam. Global and 
Planetary Change 110, 223-225. 

Vergara-Sáez, C., Prommer, H., Siade, A.J., Sun, J. and Higginson, S. 2024. Process-Based and Probabilistic 
Quantification of Co and Ni Mobilization Risks Induced by Managed Aquifer Recharge. 
Environmental Science & Technology. 

Wagner, J.F. (2013) Developments in Clay Science. Bergaya, F. and Lagaly, G. (eds), pp. 347-381, Elsevier. 

Wallis, I., Prommer, H., Pichler, T., Post, V., B. Norton, S., Annable, M.D. and Simmons, C.T. 2011. Process-
Based Reactive Transport Model To Quantify Arsenic Mobility during Aquifer Storage and Recovery 
of Potable Water. Environmental Science & Technology 45(16), 6924-6931. 

Wang, Y., Le Pape, P., Morin, G., Asta, M., King, G., Bartova, B., Suvorova, E., Frutschi, M., Ikogou, M., Pham C. 
H, V., Vo, P., Herman, F., Charlet, L. and Bernier-Latmani, R. 2018. Arsenic Speciation in Mekong Delta 
Sediments Depends on Their Depositional Environment. Environmental Science & Technology 52. 

 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

29 

 XRD diagrams (whole rock 
powder) 

 

Figure A1: XRD diagram for sample S1 

 

 

Figure A2: XRD diagram for sample S2 
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Figure A3: XRD diagram for sample S3 

 

 

Figure A4: XRD diagram for sample S4 
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Figure A5: XRD diagram for sample S5 

 

 

Figure A6: XRD diagram for sample S6 
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Figure A7: XRD diagram for sample S7 

 

 

Figure A8: XRD diagram for sample S8 
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Figure A9: XRD diagram for sample S9 

 

 

Figure A10: XRD diagram for sample S10 
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Figure A11: XRD diagram for sample S11 

 

 

Figure A12: XRD diagram for sample S12 
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Figure A13: XRD diagram for sample S13 

 

 

Figure A14: XRD diagram for sample S14 
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Figure A15: XRD diagram for sample S15 

 

 

Figure A16: XRD diagram for sample S16 
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Figure A17: XRD diagram for sample S17 

 

 

Figure A18: XRD diagram for sample S18 
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 XRF results 
Appendix B1: Chemical composition (major oxides; mass%) of samples from well M1 

sample ID SiO₂ TiO₂ Al₂O₃ Fe₂O₃ MnO MgO CaO Na₂O K₂O P₂O₅ (SO₃) (Cl) (F) LOI 

S1 150–153 55.5 0.81 18.7 8.81 0.16 1.62 0.57 0.22 2.70 0.14 0.08 0.006 <0.05 10.4 

S2 161–164 63.9 0.91 14.9 6.83 0.18 1.63 0.42 0.29 2.36 0.12 0.11 0.006 <0.05 8.22 

S3 164–167 91.8 0.14 3.14 1.65 0.04 0.28 0.18 0.30 1.09 0.04 0.06 0.004 <0.05 1.14 

S4 167–170 91.3 0.15 3.43 1.65 0.04 0.32 0.20 0.31 1.20 0.04 0.06 0.005 <0.05 1.19 

S5 170–173 91.5 0.14 3.44 1.50 0.04 0.32 0.18 0.32 1.21 0.04 0.06 0.008 <0.05 1.12 

S6 173–176 91.5 0.13 3.27 1.63 0.05 0.30 0.19 0.32 1.12 0.04 0.06 0.008 <0.05 1.28 

S7 176–178.5 81.4 0.22 5.32 5.79 0.24 0.60 0.35 0.56 1.55 0.11 0.05 0.008 <0.05 3.70 

S8 178.5–181 91.7 0.13 3.41 1.35 0.04 0.29 0.16 0.35 1.23 0.04 0.06 0.010 <0.05 1.06 

S9 181–184 90.8 0.15 3.85 1.49 0.04 0.36 0.21 0.40 1.34 0.04 0.07 0.007 <0.05 1.15 

S10 184–187 90.5 0.16 3.96 1.56 0.04 0.38 0.20 0.44 1.34 0.04 0.06 0.006 <0.05 1.17 

S11 187–190 90.4 0.16 4.00 1.55 0.04 0.38 0.19 0.45 1.35 0.04 0.05 0.008 <0.05 1.19 

S12 190–193 86.4 0.19 4.45 3.24 0.10 0.55 0.29 0.39 1.35 0.07 0.08 0.004 <0.05 2.76 

S13 193–196 89.3 0.17 4.06 2.08 0.05 0.43 0.23 0.37 1.28 0.05 0.06 0.006 <0.05 1.70 

S14 196–199 81.9 0.51 7.71 3.08 0.04 0.80 0.32 0.72 1.70 0.09 0.08 0.005 0.05 2.85 

S15 200–201.5 82.6 0.51 7.16 3.15 0.05 0.77 0.41 0.73 1.60 0.15 0.05 0.006 <0.05 2.59 

S16 203–206 72.2 0.72 12.3 4.41 0.07 1.28 0.32 0.50 2.15 0.09 0.13 0.006 <0.05 5.66 

S17 206–208 71.7 0.82 12.1 4.76 0.10 1.40 0.37 0.49 2.07 0.10 0.11 0.005 0.06 5.74 

S18 208–210 83.8 0.22 5.41 3.96 0.14 0.72 0.35 0.62 1.57 0.11 0.06 0.005 <0.05 2.88 
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Appendix B2: Chemical composition (trace elements; mg/kg) of samples from well M1 

sample ID (As) Ba Bi Ce Co Cr Cs Cu Ga Hf La Mo Nb Nd Ni 

S1 150–153 17 391 <6 89 22 94 <54 32 23 <19 <47 <8 15 <42 45 

S2 161–164 16 370 <6 84 13 81 <54 41 20 <19 50 <8 17 51 33 

S3 164–167 6 224 <6 <54 <8 268 <54 14 <5 <18 <47 <8 <2 <39 35 

S4 167–170 6 241 <6 <54 9 302 <54 15 <5 <18 <47 <7 3 <39 44 

S5 170–173 7 249 <6 <54 9 242 <54 11 <5 <18 <47 <8 4 <39 41 

S6 173–176 5 219 <6 <54 <8 164 <54 13 5 <18 <47 <7 <2 <39 42 

S7 176–178.5 10 306 <6 <54 <9 57 <54 16 7 <19 <47 <8 5 <42 34 

S8 178.5–181 5 261 <6 <54 <8 197 <54 14 <5 <17 <47 <8 4 <39 31 

S9 181–184 6 253 <6 <54 8 300 <54 12 <5 <18 <47 <7 3 <39 44 

S10 184–187 6 270 <6 <54 9 296 <54 12 <5 <18 <47 <8 3 <39 45 

S11 187–190 7 256 <6 <54 8 315 <54 13 <5 <18 <47 <8 4 <39 47 

S12 190–193 17 462 <6 <54 14 181 <54 21 6 <18 <47 <8 6 <39 41 

S13 193–196 8 261 <6 <54 11 243 <54 12 5 <18 <47 <8 4 <39 65 

S14 196–199 12 288 <6 <54 9 52 <54 17 9 <18 <47 <8 12 <39 21 

S15 200–201.5 8 279 <6 66 <8 61 <54 18 8 <18 <47 <8 10 <42 20 

S16 203–206 20 348 <6 59 11 77 <54 24 15 <18 <47 <8 13 <42 28 

S17 206–208 19 310 <6 67 <9 69 <54 26 15 <18 <47 <8 17 <42 31 

S18 208–210 9 279 <6 <54 9 62 <54 14 8 <18 <47 <8 5 <42 36 
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Appendix B2 (cont.): Chemical composition (trace elements; mg/kg) of samples from well M1 

sample ID Pb Rb Sb Sc Sm Sn Sr Ta Th U V W Y Zn Zr 

S1 150–153 29 151 <16 <26 <24 <19 107 <13 16 <6 117 <12 31 135 144 

S2 161–164 32 115 <16 <26 <24 <19 85 <13 17 <6 101 <11 35 108 215 

S3 164–167 8 39 <16 <26 <24 <19 41 <12 6 <6 18 <10 11 24 87 

S4 167–170 9 42 <16 <26 <24 <19 45 <12 5 <6 <16 <10 14 34 94 

S5 170–173 9 45 <16 <26 <24 <19 42 <12 7 <6 17 <10 12 25 81 

S6 173–176 9 41 <16 <26 <24 <19 42 <12 <5 <6 <16 <10 9 27 61 

S7 176–178.5 12 60 <16 <26 <24 <19 60 <12 10 <6 22 <11 21 44 107 

S8 178.5–181 10 44 <16 <26 <24 <19 45 <12 8 <6 <16 <10 15 25 76 

S9 181–184 9 48 <16 <26 <24 <19 48 <12 5 <6 <16 <10 12 27 81 

S10 184–187 9 49 <16 <26 <24 <19 48 <12 8 <6 21 <10 16 29 90 

S11 187–190 9 50 <16 <26 <24 <19 48 <12 6 <6 <16 <11 16 34 88 

S12 190–193 18 50 <16 <26 <24 <19 53 <12 6 <6 35 <11 20 55 90 

S13 193–196 10 48 <16 <26 <24 <19 47 <12 7 <6 20 <11 14 33 83 

S14 196–199 13 69 <16 <26 <24 <19 74 <12 11 <6 46 <11 24 59 312 

S15 200–201.5 9 65 <16 <26 <24 <19 74 <12 15 <6 43 <11 25 51 418 

S16 203–206 21 101 <16 <26 <24 <19 80 <12 15 <6 76 <11 32 82 284 

S17 206–208 22 94 <16 <26 <24 <19 81 <12 16 <6 74 <11 33 88 236 

S18 208–210 14 62 <16 <26 <24 <19 61 <12 10 <6 25 <11 16 42 96 

 



Sediment analysis of M1 monitoring well samples 
ASR pilot in Nga Bay, Hau Giang Province, Vietnam 

41 

 Duplicate results and quality control for CEC 
measurements from Decher Laboratory 

Appendix C1: Duplicate CEC results of M1 samples and reference material 

Sample ID  
mass 
solution 

volume 
solution 

absorbance concentration weight moisture 
standard 
deviation 

absorbance CEC final CEC 

 
g mL 

 
mmol/L g % cmolc/kg 

% initial 
solution 

cmolc/kg cmolc/kg 

Reference 30.003 30.044 0.190 1.258 0.152 9.35 1.49 39 86.42 87 
 

30.101 30.142 0.182 1.204 0.153 9.35   37 88.53   

S1 150–153 30.039 30.080 0.423 2.803 0.159 1.85 0.27 87 16.86 17.1 
 

30.261 30.303 0.382 2.529 0.255 1.85 
 

78 17.24 
 

S2 161–164 30.060 30.101 0.444 2.943 0.156 1.27 0.13 91 11.65 11.7 
 

30.071 30.112 0.416 2.753 0.251 1.27 
 

85 11.83 
 

S4 167–170 30.081 30.122 0.454 3.008 1.078 0.15 0.01 93 1.30 1.3 
 

30.075 30.116 0.421 2.789 2.074 0.15 
 

86 1.31 
 

S6 173–176 30.090 30.131 0.446 2.952 1.109 0.21 0.04 91 1.57 1.6 
 

30.226 30.267 0.405 2.680 2.090 0.21 
 

83 1.62 
 

S7 176–178.5 30.116 30.157 0.471 3.118 0.407 0.31 0.01 96 1.81 1.8 
 

30.244 30.285 0.462 3.057 0.608 0.31 
 

94 1.83 
 

S9 181–184 30.059 30.100 0.451 2.985 1.166 0.11 0.03 92 1.32 1.3 
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Sample ID  
mass 
solution 

volume 
solution 

absorbance concentration weight moisture 
standard 
deviation 

absorbance CEC final CEC 

 
g mL 

 
mmol/L g % cmolc/kg 

% initial 
solution 

cmolc/kg cmolc/kg 

 
30.044 30.085 0.419 2.775 2.050 0.11 

 
86 1.37 

 

S10 184–187 30.056 30.097 0.453 2.998 1.046 0.14 0.02 93 1.39 1.4 
 

30.088 30.129 0.418 2.766 2.008 0.14 
 

85 1.42 
 

S12 190–193 30.082 30.123 0.461 3.052 0.412 0.24 0.04 94 2.75 2.8 
 

30.096 30.137 0.446 2.956 0.610 0.24 
 

91 2.81 
 

S14 196–199 30.046 30.087 0.442 2.928 0.419 0.45 0.02 90 4.51 4.5 
 

30.115 30.157 0.420 2.784 0.617 0.45 
 

86 4.48 
 

S16 203–206 30.095 30.136 0.438 2.902 0.214 1.22 0.14 90 9.61 9.5 
 

30.095 30.136 0.417 2.765 0.308 1.22 
 

85 9.41 
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Appendix C2: Calibration results of Cu-trien solution with UV-VIS 

xi (conc.) y1 (abs.) xi×yi xi
2 

mmol/L       

0.5073 0.0773 0.0392 0.2574 

1.1906 0.1824 0.2172 1.4175 

1.8379 0.2804 0.5153 3.3779 

2.6509 0.3981 1.0553 7.0273 

3.2839 0.4946 1.6242 10.7840 

Total:   3.4513 22.8640 

Gradient straight line: 0.151   

 

Appendix C3: Exchange solution properties 

temperature density absorbance concentration 

°C g/mL  mmol/L 

17.8 0.998635 0.4887 3.2376 
  

0.4894 3.2422 
  Mean value: 3.2399 
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 Duplicate results for CEC 
measurements from BGR laboratory 

Appendix D1: Duplicate cation exchange capacity results of M1 samples 

Sample ID  LIMS No. CEC (1) CEC (2) final CEC 

   cmolc/kg cmolc/kg cmolc/kg 

M1 S1 150–153 2402148 15.4 15.7 15.6 

M1 S2 161–164 2402149 11.5 10.6 11.1 

M1 S3 164–167 2402150 1.2 1.2 1.2 

M1 S4 167–170 2402151 1.2 1.3 1.3 

M1 S5 170–173 2402152 1.3 1.3 1.3 

M1 S6 173–176 2402153 1.5 1.5 1.5 

M1 S7 176–178.5 2402154 1.9 1.9 1.9 

M1 S8 178.5–181 2402155 1.2 1.2 1.2 

M1 S9 181–184 2402156 1.4 1.3 1.4 

M1 S10 184–187 2402157 1.4 1.4 1.4 

M1 S11 187–190 2402158 1.3 1.3 1.3 

M1 S12 190–193 2402159 2.4 2.3 2.4 

M1 S13 193–196 2402160 2.2 2.2 2.2 

M1 S14 196–199 2402161 4.2 4.1 4.2 

M1 S15 200–201.5 2402162 3.6 3.3 3.5 

M1 S16 203–206 2402163 9.9 9.5 9.7 

M1 S17 206–208 2402164 9.1 9.0 9.1 

M1 S18 208–210 2402165 1.9 1.9 1.9 
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