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ABSTRACT 

The economic efficiency of geothermal plants is often 

impaired by the deposition of scales and/or corrosion 

damage. In order to suppress scaling and corrosion, 

several inhibitors have been tested within the 

framework of a previous project (SUBITO, BMWi) and 

will continue within the framework of the current 

project EIKE. However, until now no data concerning 

the long-term application of an inhibitor combination 

were available.  

Based on sampling from several positions within the 

heat exchanger as well from a test pipe, the scales after 

application of inhibitors for more than 2 years have 

been characterized by several methods. For on-site 

measurements within the open heat exchanger, a 

portable handheld X-ray fluorescence equipment was 

used in order to get information about the distribution 

of the elements lead, antimony and arsenic along the 

thermal gradient. Moreover, scaling samples from the 

test pipe and the heat exchanger were collected. All 

samples were analyzed for chemical and mineralogical 

composition.   

By this set of analytical data the efficiency of the 

inhibitors will be evaluated. Based on the conclusions 

from this investigation the combination of scale and 

corrosion inhibitors will be refined and, moreover, 

adapted to lower injection temperatures. This is one 

goal of the collaborative project EIKE, which is funded 

by the German Federal Ministry for Economic Affairs 

and Climate Action.   

1. INTRODUCTION  

During the operation of geothermal plants in the Upper 

Rhine Graben the precipitation of minerals within the 

surface installations is frequently observed. In order to 

supress the formation of such scalings several inhibitors 

or inhibitor combinations were tested. The impact of 

the inhibitors was monitored among others by the 

chemical, radiological and mineralogical analysis of the 

scales. Hereafter, analytical data of scales are 

presented. The influence of application of a 

phosphonate-based scale inhibitor only is compared to 

the impact of the supplementary addition of a corrosion 

inhibitor (combination of scale and corrosion inhibitor). 

2. RESULTS 

2.1 Sampling  

On-site measurements within the open heat exchanger 

were performed using the portable handheld X-ray 

fluorescence (XRF) device SPECTRO xSORT. All 

samples have been attributed to its point of origin 

within the heat exchanger (evaporator and preheater; 

consecutive numbers in Figure 1) corresponding to a 

temperature range (see top of Figure 1). From selected 

points samples were taken and analysed by chemical 

(see 2.1) and mineralogical (see 2.2) methods.  

2.1 Characterization of samples by XRF and ICP-

MS  

Using the handheld XRF spectrometer scales have been 

non-destructively characterized with respect to their 

element composition. For ICP-MS analysis samples 

were digested by a multi-step procedure (for details see 

Jähnichen et al., 2019). Elements of interest in this 

context are lead (Pb), antinomy (Sb) and arsenic (As), 
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which were found as their main constituents (Haas 

Nüesch et al., 2018).  

Figure 1: As, Pb and Sb concentrations analysed by XRF and ICP-MS after total digestion, respectively, with 

sample numbers in direction of the fluid flow, i.e. with decreasing temperature. Sampling was performed in 

September 2021. Maximum and minimum values are from measurements during 2016-2018 (results of the 

SUBITO project (Jähnichen et al., 2019)). A subset of samples was characterized by XRPD and SEM-EDX as 

well (see 2.2). 

 

The deposition of As, Pb and Sb was lowest at the inlet 

of the heat exchanger where temperature is highest. 

Scales from this part mainly consists of Fe. With 

decreasing temperature, the amount of Pb increases, 

resulting in a percentage of around 50 mass %. The 

increase of As and Sb was less pronounced compared 

to Pb. Concentrations of As, Pb and Sb measured by 

XRF in 2021 were within the range of the previously 

determined concentrations (minimum and maximum 

corresponding to the grey area in Figure 1). 

Concentrations from ICP-MS measurements were in 

most cases lower than XRF concentrations as by XRF 

only the main constituents were gathered. Nevertheless, 

the trend of lowest concentrations at highest 

temperatures was similar.  

Moreover, the absolute mass of scales has been reduced 

by a factor of approximately 5 in 2021 due to the 

application of the inhibitor combination. Concerning 

the relative As, Pb and Sb concentrations summarized 

in Figure 1 it follows that absolute deposition of As, Pb 

and Sb was remarkably lowered in 2021 in comparison 

to the previous measurements during 2016-2018. First 

observations from 2019 after a short-term exposure of 

the inhibitor combination also revealed a pronounced 

decrease of the scale mass due to the addition of a 

corrosion inhibitor (Scheiber et al., 2019)  

2.2 Mineralogical characterisation via SEM and 

powder X-ray diffraction 

Selected scaling samples were investigated by means of 

scanning electron microscopy and energy dispersive X-

ray fluorescence measurements (SEM-EDX; FEI 

Quanta 650 FEG environmental SEM) as well as X-ray 

powder diffraction (XRPD; Bruker D8 Advance 

diffractometer). Qualitative and quantitative phase 

analysis was either done by ThermoFisher Pathfinder 

2.8 (SEM-EDX) or Bruker Topas 6 (XRPD). 

A SEM image of the sample 2, taken from higher 

temperature areas (see Figure 1), is shown in Figure 2. 
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In the backscattered electron (BSE) image a well-

defined PbS crystal appears in light grey. In 

comparison, an image of scales during application of 

the phosphonate scale inhibitor only is shown 

(Figure 3). Figure 4 shows another SEM image of 

sample 2. In all the SEM images from the sampling in 

2021 (Figures 2, 4, 5) a different morphology of scales 

in comparison to a sample during application of the 

phosphonate-based inhibitor (see Figure 3) was 

observed. Whereas without adding the corrosion 

inhibitor dendrites have been formed, the morphology 

was less regular in all samples from 2021.  

 

  

Figure 2: SEM image (BSE mode) of sample 2, which 

shows a PbS crystal. 

Figure 3: SEM image from a sample during 

application of the phosphonate scale inhibitor only 

(for details see Jähnichen et al., 2019) 

Together with an EDX analysis (Tab. 1) on three 

different points or areas the heterogeneity of the sample 

becomes apparent. In the BSE image the galena (PbS) 

crystals appear in light grey while phases containing 

lighter elements like C, O and Fe appear in darker grey. 

A further SEM-EDX analysis was done with a sample 

from the lower temperature area (sample 17; see 

Figure 5), which consists mainly of galena. 

Nevertheless, with up to 20 atom per cent the EDX 

results show a quite high amount of As and Sb also in 

this sample (details see Tab. 2). EDX results confirm 

the XRF and ICP-MS as amounts of Pb, Sb, As were 

very low at higher temperatures.  

 

  

Figure 4: SEM image (BSE mode) of sample 2. The 

EDX results of the marked areas are summarized in 

Table 1. 

Figure 5: SEM image (BSE mode) of sample 17. The 

EDX results of the marked areas are summarized in 

Table 2. 
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Table 1: EDX results (atom percent) of the marked 

areas from Figure 4. 

El. #1 El. #2 El. #3 

C 41.7(13) O 46.8(6) S 40.8(20) 

S 17.8(3) Fe 44.9(7) Pb 34.0(8) 

O 16.0(8) C 5.2(3) C 23.6(1.5) 

Cu 11.7(8) Cl 1.4(1) Al 1.5(3) 

Sb 4.8(3) Si 1.0(1)   

Mg 4.0(3) Al 0.6(1)   

P 2.6(2)   

Cl 1.4(1)   
 

Table 2: EDX results (atom percent) of the marked 

areas from Figure 5. 

El. #1 El. #2 

C 40.9(11) S 53.6(10) 

S 24.7(9) Pb 20.5(4) 

Pb 13.5(4) Sb 19.6(6) 

Sb 11.1(5) As 4.4(3) 

As 9.7(2) Al 1.9(3) 

 

 

 

Figure 6: Exemplary XRPD data from scaling sample 2 together with vertical lines, which indicate the 

reflections of known phases. 
 

For all samples a Rietveld refinement was carried out. 

As an example, the recorded powder diffractogram of 

sample 2 is shown in Figure 6. The vertical lines 

indicate the reflection positions of identified phases. 

The results of this quantitative phase analysis of all 

selected samples are summarized in the bar graph 

(Figure 7). All samples contain galena (PbS) and only 

in sample 2 it is not the main phase. In sample 2 siderite 

(FeCO3) dominates instead. Minor traces of halite 

(NaCl) can also be found. Halite as constituent of the 

scales was also found in another geothermal plant in 

France (Ledésert et al., 2021).

 

Figure 7: Composition (weight percent) of selected 

samples (for attribution of sample numbers see 

Figure 1) determined by powder x-ray diffraction 

and Rietveld refinement  
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3. CONCLUSIONS 

 

Scales have been characterized by several 

complementary methods. On-site XRF measurements 

provide an overview of scale compositions. More 

detailed information is obtained from ICP-MS 

measurements after total digestion. The chemical 

composition is complemented by mineralogical and 

microscopic insights from XRD and SEM-EDX. PXRD 

gave a qualitative and quantitative overview of the 

crystalline phases and thus allowed the comparison of 

the composition in the different samples. With SEM-

EDX the change of morphology in the samples is 

observed as well as the elemental composition even 

within the amorphous phases. 

Scales mainly consists of Pb, As, Sb (see XRF and ICP-

MS data) however SEM images show a heterogeneous 

distribution of the elements (Figure 2-4). Ba 

concentration in all scales have been very low which 

indicates to its successful inhibition.  

With decreasing temperature the relative and absolute 

amount of Pb, As and Sb increases. At the highest 

temperature Fe is deposited as FeCO3 (Siderite) 

supported by the lower solubility of siderite at higher 

temperature (Tanupabrungsun et al. 2013). 

XRPD showed that Pb occurs as PbS (galena). Previous 

investigations on scales during application of solely the 

scale inhibitor identified Pb as a mixture of PbS and 

elemental Pb(0) (Haas Nüesch et al. 2018).  

This investigation highlights the impact of application 

of a phosphonate-based scale inhibitor in combination 

with a corrosion inhibitor compared to the application 

of only the phosphonate-based scale inhibitor. 

On the basis of this comparison we may conclude: 

 - Independent on the kind of inhibitor the deposition 

of Pb, As, Sb is more pronounced at lower 

temperatures.  

 - Compared to the data obtained during application 

of the scale inhibitor only the amounts of these 

elements were rather low (in range of the minimum of 

previous investigations). 

 - The mass of scales in general was lowered (see 

also Scheiber et al. 2019). 

 - No formation of elemental Pb was observed after 

the addition of the corrosion inhibitor. PbS is the only 

identified Pb compound. The corrosion induced 

cementation reaction between metallic iron surface and 

lead ions of thermal water is supressed by addition of 

the corrosion inhibitor (Bressers, Wilschut, 2014). 

 - By long-term application of the combination of 

scale and corrosion inhibitor the formation of scales 

was reduced and less corrosion was observed in all 

parts of the surface installations. Similar observations 

were described in other geothermal plants of the Upper 

Rhine Graben (Mouchot et al., 2019).  

 

Scope of the ongoing project EIKE is the optimization 

of inhibitor application by selection and testing of 

suitable inhibitor combinations, and optimization of 

their effective concentrations.  

 

REFERENCES 

Bressers, P.M.M.C., Wilschut, F.: Lead deposition in 

geothermal installations, TNO report 2014 

R11416.  

Haas-Nüesch, R., Heberling, F., Schild, D., Rothe, J., 

Dardenne, K., Jähnichen, S., Eiche, E., 

Marquardt, C. Metz, V., Schäfer, T.: Mineralogical 

characterization of scalings formed in geothermal 

sites in the Upper Rhine Graben before and after 

the application of sulfate inhibitors, Geothermics 

71 (2018) 264–273.  

Jähnichen, S., Degering, D., Seibt, A., Scheiber, J., 

Mouchot, J., Buse, C., Heberling, F.: Inhibition of 

scales in geothermal plants in Upper Rhine 

Graben: Monitoring of fluids and scales. 

Proceedings of the European Geothermal 

Congress 2019, Den Hague, Netherlands. 

Jähnichen, S., Degering, D., Köhler, M., Buse, C., 

Heberling, F., Otto, T.: Sulfidinhibition und 

Deponierbarkeit (SUBITO): Verbesserung der 

Wirtschaftlichkeit von Geothermieanlagen durch 

Inhibition natürlich belasteter Ablagerungen: 

Analytische Bewertung und Vor-Ort-Monitoring , 

Bundesministerium für Wirtschaft und Energie, 

Förderkennzeichen 0325790B, Abschlussbericht 

(2019). 

Ledésert, B.A., Hébert, R.L., Mouchot, J., Bosia, C., 

Ravier, G., Seibel, O., Dalmais, E., Ledésert, M., 

Trullenque, G., Sengelen, X., Genter, A.: Scaling 

in a Geothermal Heat Exchanger at Soultz-Sous-

Forêts, Geosciences 11 (2021), 271-294. 

Mouchot, J., Scheiber, J., Florencio, J., Seibt, A., 

Jähnichen, S.: Scale and Corrosion control 

program, Example of two geothermal plants in 

Operation in the Upper Rhine Graben, 

Proceedings of the European Geothermal 

Congress 2019, Den Hague, Netherlands. 

Tanupabrungsun, T., Brown, B., Nesic, S.: Effect of pH 

on CO2 corrosion of mild steel at elevated 

temperatures, Proceedings of the CORROSION 

2013, Orlando, FL, USA, Paper No. 2348. 

Scheiber, J., Seibt, A., Jähnichen, S., Degering, D., 

Mouchot, J.: Combined Application of Inhibitors 

for Scale and Corrosion Mitigation: Lessons 

Learned, Proceedings of the European Geothermal 

Congress 2019, Den Hague, Netherlands. 

 

Acknowledgements 

We acknowledge the financial support by the German 

Federal Ministry for Economic Affairs and Climate 

Action (BMWK) through the collaborative project 

EIKE (0325790).



Jähnichen et al. 

 6 

 


