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Abstract
The chief source of the oilfield scale is the mixing of incompatible waters. This study demonstrated that mixing the reservoir 
of Mishrif formation (Halfaya oilfield) with six types of injection water sources, including Tigris River water, producing 
water formation, Gulf seawater, Marshes water, Middle Kirkuk formation water, and Main Outfall Drain water (AL-Masab 
AL-Aam Channel), leads to the formation of salt crusts that cause the reduction of reservoir rock permeability. Accord-
ing to the Piper diagram, the Mishrif formation water of all extant water samples was of the sodium chloride type (NaCl), 
except for HF-81, which was between (NaCl) and mix (CaMgCl) type. A geochemical simulation model of water alignment 
(PHREEQC) was used to simulate this problem, and it revealed the mineral scaling from mixing processes. These minerals 
precipitate in rock pores and clog them, which then cause damage to the petrophysical properties of the reservoir and prevent 
the passage of liquids. Results showed that the best water types used for injection are Middle Kirkuk formation water, fol-
lowed by the general downstream, then Gulf seawater, but treatment before injection is needed. The study of geochemical 
modeling method can help to better understand scaling issues by efficiently identifying the best injection water from various 
selected types with the lowest possible cost, which in turn improves oil production.
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Abbreviations
ARN:  A family of tetrameric acids
GSW:  Gulf seawater

HF:  Halfaya oilfield
IAP:  Product of the ionic activity in dissolution 

reaction
Ksp:  Equilibrium constant of the mineral dissolution 

at a specific temperature
MFW:  Mishrif formation water
MKFW:  Middle Kirkuk formation water
MODW:  Main outfall drain water
MW:  Marshes water
PWF:  Producing water formation
TRW:  Tigris river water
SI:  Saturation index

Introduction

Scale deposition is one of the most critical oilfield issues that 
water injection systems face, especially when two incom-
patible fluids are present. Scales form when two incompat-
ible waters are mixed and supersaturation occurs (Merdhah 
and Yassin 2008). Supersaturation with scale-forming salts 
caused by changes in physical conditions in which water 

 * Hussein B. Ghalib 
 hbggeo@gmail.com; hussein.ghalib@uobasrah.edu.iq

1 Geology Department, College of Science, University 
of Basrah, Basra, Iraq

2 Director of the Scholarships and Cultural Relations 
Department Ministry of Higher Education and Scientific 
Research, Baghdad, Iraq

3 Marine Chemistry Department, Marine Science Center, 
University of Basrah, Basra, Iraq

4 Biology Department, College of Education in Qurna, 
University of Basrah, Basra, Iraq

5 Marine Geology Department, Marine Science Center, 
University of Basrah, Basra, Iraq

6 Geological Engineering Department, Konya Technical 
University, Konya, Turkey

7 Department of Geology, Field Authority, Missan Oil 
Company, Missan, Iraq

http://crossmark.crossref.org/dialog/?doi=10.1007/s13202-023-01614-5&domain=pdf
http://orcid.org/0000-0002-8419-5946


1266 Journal of Petroleum Exploration and Production Technology (2023) 13:1265–1282

1 3

exists can cause scale deposition in one water type. Millions 
of oil barrels per day are produced using the water injection 
technique; however, one of the difficulties associated with 
this effective production method is scale buildup due to the 
various dissolved particles and high salinity of the injected 
water (Al-Samhan et al. 2020; Jumaah 2021). Down-hole 
pumps, tubing, casing flow lines, heater treaters, tanks, and 
other production equipment and facilities are also damaged 
by scales, which can develop near any point in the produc-
tion system to generate supersaturation. Variations in pres-
sure and temperature or mixing two incompatible fluids can 
cause supersaturation in water. Calcium carbonate, calcium 
sulfate, strontium sulfate, and barium sulfate are the most 
popular oilfield scales, which require useful modeling tools 
to better predict and understand the complicated scale evolu-
tion (Moghadasi et al. 2007).

Hydrogeochemical modeling is a practical tool to com-
prehend the groundwater evolution in a particular aquifer, 
and the integration of a management plan can be set for the 
total regime. Geochemical models are means of dealing with 
geochemical reactions. Over the past three decades, many 
geochemical models have been developed that quantify the 
thermodynamics, ionic facies, saturation indices (SI), and 
mixing processes among water bodies (Ghalib 2014; Ghalib 
and Sogut 2014; Al-Mallah et al. 2022).

Many case histories of oil well scaling by calcium carbon-
ate, calcium sulfate, strontium sulfate, and barium sulfate 
have been reported (Mitchell et al. 1980; Lindlof and Stof-
fer 1983; Vetter et al. 1987; Shuler et al. 1991; Liu et al. 
2009; Olajire 2015; Liang et al. 2019; Murtaza et al. 2022). 
Problems in connection to oil well scaling in Russia, where 
scale has seriously plugged wells and is similar to cases in 
North Sea fields, have also been raised (Mitchell et al. 1980). 
Oilfield scale problems have occurred due to waterflooding 
in Saudi oilfields, Algeria, Indonesia in South Sumatra oil-
fields, China, Malaysia, Mabruk oil field in Libya and Egypt 
in the El-Morgan oilfield where calcium and strontium sul-
fate scales have been found in surface and subsurface pro-
duction equipment (El-Hattab 1982; Yan et al. 2021; Alnajar 
and Refai 2022). Iraq has a long history of using water injec-
tion on a relatively small scale, dating back to 1961. Water 
injection is the most appropriate recovery mechanism for 
most of the reservoirs in southern and central Iraq, would 
give the highest recovery factors and is technically relatively 
straightforward (Liang et al. 2019).

Regarding the water types suggested to be used for injec-
tion, Iraq has two major rivers; Euphrates and the Tigris that 
run across the country from north to south. But, increasing 
competition from other users for water resources, ongoing 
drought and reduced river flows from upstream dam build-
ing means that operators can no longer rely on river water 
for field injection purposes (Liang et al. 2019). Therefore, 
other types of water available in the study area were chosen 

for the injection purpose. They include Tigris River water 
(TRW), producing water formation (PWF), Gulf seawater 
(GSW), Marshes water (MW), Middle Kirkuk formation 
water (MKFW), and Main Outfall Drain water (MODW), 
as shown in Fig. 1b, which each of them has specific quality 
of the source water.

This number of different water type, which are locally 
available in Iraq, have been proposing to use for injection 
process and enhancement of oil recovery. However, test-
ing different types of water in different reservoir condi-
tions to model and predict the compatibility and resultant 
scales issues has not yet addressed and comprehensively 
understood.

The present study aims to simulate the compatibility of 
Mishrif formation water (MFW) with the six water types 
(TRW, PWF, GSW, MW, MKFW, and MODW). The amount 
of probable scaling, which can happen from mixing different 
ratios by determining mineral SI using a hydrogeochemical 
PHREEQC V.3 2019 program, is predicted. This estima-
tion is based on Pitzer electrolyte theory, which is widely 
regarded as the most accurate method for calculating the 
influences of high temperature, pressure, and total dissolved 
solids on the composition of activity factors using Pitzer 
equations (Pitzer and Press 1991). Accomplishing these 
goals help to a better understanding of serious scaling issues 
in water injection processes. This study is a step forward to 
enhancing oil production by identifying appropriate water 
types for injection processes and reducing corrosion.

Theoretical background

The aim of the fluid injection into porous rock is to raise 
hydrocarbon recovery during the exploration and produc-
tion process. Changes in reservoir rock characteristics are 
generally expected due to incompatibility between injected 
and native fluids. On the other hand, the reservoirs' hetero-
geneity will have an inevitable impact. Pore-fluid sensitivity 
in reservoir sandstones, for example, is highly affected by 
reservoir heterogeneity and sandstone microstructure, and it 
is, therefore, essential to include these geologic factors in the 
rock-physics analysis (Avseth et al. 2010). The major prob-
lem in the shale reservoirs is heterogeneity, and overcoming 
this obstacle needs an amount of 10 million gallons of water 
(Muther et al. 2021). In comparison, fracture evaluation is 
an essential step in the evaluation of heterogeneous carbon-
ate reservoirs, especially where the permeability trend is 
not describable by core data because of secondary porosity 
(Aghli et al. 2020).

Geochemical modeling of the water–rock-petroleum 
interactions generally includes three activities: chemi-
cal speciation, mineral mass transfer that relies on mass 
balance calculations along specific reaction paths, and 
geochemical mixing process among water bodies, while 
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hydrogeochemical interactions are either single-phase reac-
tions called homogenous phases or more than one phase 
called heterogeneous phase interactions, which happen 
between two statuses, such as water–rock, gas–rock, and 
gas–water (Ghalib 2017; Ghalib and Almallah 2017). These 
interactions occur and are modified based on surrounding 
environmental alterations. To conduct the hydrogeochemical 
modeling technique, many agents, such as SI, ionic strength 
(ionic activity %), and  CO2 partial pressure, should be recog-
nized (Allen and Suchy 2001; Frenier 2018). Mathematical 
surface complexation models (SCMs) are essential in reac-
tive transport modeling.

The surface complexation models (SCMs) are a general 
concept considering the interfacial equilibrium caused by 
specific reactions of bulk species with active surface groups. 
The SCMs have taken a prominent stage in capturing the 
electrostatic effect of brine salinity and ionic adsorption on 
the calcite surface. Also, it provides molecular and thermo-
dynamic descriptions of the electrostatic and geochemical 
interactions on a colloidal surface. Different types of SCMs 
have been proposed in the literature to describe the adsorp-
tion of ions on the colloidal surface (Tetteh et al. 2022). The 

research on enhanced oil recovery within the last decade 
has led to an increased number of publications reporting 
both zeta potential measurements and SCMs for calcite. The 
SCMs are usually used to interpret experimental results by 
breaking down and quantifying the contribution of different 
surface interactions to the overall measured zeta potential. 
These mathematical models initially developed to describe 
the reactivity of oxide–water interfaces assume that the 
energy of adsorption is a contribution of a chemical and an 
electrostatic term (Bonto et al. 2022). Despite their general-
ized use, some aspects of these SCMs are still questioned; 
the unclear thermodynamic significance of the relationship 
between the apparent and intrinsic equilibrium constants 
or the lack of validation of the equilibrium constants over 
diverse experimental conditions are among the primary con-
cerns (Bonto et al. 2022).

The hydrogeochemical models can be used for several 
purposes, including estimating prevailing geochemical reac-
tions and determining the extent to which these reactions 
happen, predicting mineralogical contaminants and estimat-
ing groundwater flow rates and directions (Plummer 1992). 
Waterflood projects stay under the unit mobility ratio limit; 

Fig. 1  Location of study area and distribution of selected Halfaya Oilfield wells, (mapped by authors)
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some may unintentionally do so, producing erroneous con-
clusions from the injection data. A heated oil reservoir is 
typically filled with cold water from the surface, causing a 
temperature gradient and, as a result, a viscosity gradient 
near the injection well. A saturation gradient also exists, 
particularly toward the flood front (Rahman and Obathani 
2019; Varfolomeev et al. 2022). Geochemical modeling of 
the water–rock-petroleum interactions also helps identify the 
controlling factors of H2S generation and predict the con-
centration and distribution of subsurface H2S before drilling 
and mapping (Lu et al. 2022). PHREEQC V.3 2019 is one 
of the crucial Hydrogeochemical modeling applications uti-
lized in the current study to identify chemical model factors 
that can determine ionic strength, SI, and aqueous species 
distribution (Parkhurst and Appelo 1999).

Study area and geological setting

Halfaya oilfield is placed in Maysan governorate, 35 km 
southeast Amara city (Fig.  1). The structure, which is 
composed of two domes, runs along a northwest–south-
east coordinate east (E 726,000–739,000) and north (N 
3,500,000–351,400) and has a gentle elongated anticline of 
about 38 km long and 12 km wide. Halfaya oilfield is located 
in the Maysan region, southeast of Iraq, around 400 km from 
its capital, Baghdad. Tectonically, it is located at the unstable 
continental shelf in the northern Persian/Arabian Gulf basin 
at the northern brink of Gondwanaland and at the east side 
of the unstable continental shelf zone, Mesopotamian main 
belt, and the south section of the Tigris sub-belt (Zhong et al. 
2018; Almalikee and Sen 2021). The Mesopotamian basin 
has a great deep buried area with thick sediments, somewhat 
stable tertiary tectonic units, and a well-presented platform 
environment (Fig. 1) (Ameen 1992; Azzam and Taher 1993). 
The study region is a gentle northwest–southeast anticline, 
influenced by the Alpine movement. The Mishrif formation 
was formed during the middle Cretaceous period, with a 
sedimentary thickness of 350–400 m that gradually thins 
to 150 m as it moves southwest. In the Iraq–Iran borders 
and Basra area, it is striped in a southeast–northwest direc-
tion (Alkersan 1975; Aqrawi 1998; Buday and Jassim 1987; 
Dunnington 1958; Ghalib 2014; Owen and Nasr 1958). It 
is part of the Qamchuqa group, and its reservoir rocks are 
carbonate with rudist deposited in a shallow marine plat-
form. The most common are intergranular, intragranular 
(dissolved), and frame pores (Gao et al. 2013). The Late 
Cenomanian to Early Turonian was a period of generally 
favorable conditions worldwide for high organic productiv-
ity and the eustasy was the major element controlling the 
growth, development and location of built (Van Buchem 
et al. 2002). Mishrif formation, the most prominent oil-
producing formation, may be as thick as 400 m and sepa-
rated into 15 distinct strata. The late Cretaceous Laramide 

Orogeny results in a regional unconformity surface on top 
of the Mishrif formation (Aqrawi et al. 2010). The Mishrif 
is composed of two major sedimentary cycles abruptly ter-
minated by the unconformity, which separates the Mishrif 
from the overlying Khasib formation (Aqrawi et al 2010). 
The top zone of Mishrif, MA1, is the regional first-order 
sequence boundary and consists of brecciated lime mudstone 
and packstone. The oil-bearing MA2 comprises dolomitized 
packstone, deposited and diagenetically formed in a shoal 
environment, with biomoldic/dissolution pores. The aver-
age reservoir thickness of MA2 is 8.9 m (17 m, maximum) 
(Fig. 2) (Zhong et al. 2018). The lower boundary of Mishrif 
formation represents the change from basinal Rumaila for-
mation to shallow open marine facies. It is a conformable 
surface. The upper boundary with the Khassib formation is 
truncated by an unconformity surface separating the Mid-
dle from Late Cretaceous. The top Mishrif runcation forms 
the AP9/AP8 megasequence boundary at ~ 92 million years 
(Aqrawi et al. 2010).

Materials and methods

Figure 3 outlines the main steps of current research. This 
research mainly focuses on 12 cored wells having thin sec-
tions, namely wells HF-1, HF-3, HF-4, HF-5, HF-7, HF-26, 
HF-161, HF-81, HF-115, HF-137, HF-195, and HF-316. 
These 12 wells cover all parts of the study area (Fig. 1). 
The six water sources selected for their injection into the 
Mishrif formation wells are the treated PWF, TRW, GSW, 
MW, MKFW, and MODW. Mishrif formation is the sam-
pling target to collect oilfield water.

The multiparameter probe (HQ11d Portable pH Meter) 
was employed to record temperature, pH, electrical conduc-
tivity (EC). Based on standards guidelines of hydrogeologi-
cal surveys, each well was properly purged prior groundwa-
ter sampling. Also, samples collection bottles were treated 
(HDPE), cleaned and labeled before sampling. In May 2020, 
water samples were subjected to physicochemical analyses 
in the quality central laboratories of Maysan Oil Company in 
Iraq following Standard Methods for Examination of Water 
and Wastewater (APHA 2017). The chemical analysis of 
water samples (oilfield water samples with injection waters) 
includes the analysis of major cations  (Na+,  Mg2+,  K+, and 
 Ca2+) and major anions  (Cl−, SO2−

4
 ,  HCO3−, and CO2−

3
 ) 

(Tables 1, 2). Generally speaking, the salinity of water Tigris 
and Euphrates increases downstream, but at different rate. 
Salinity increases gradually at the northern part compare 
with another river in the world. Inverse geochemical mod-
eling (PHREEQC program) is used to calculate SI, ionic 
strength, and aqueous species distribution, for testing the 
compatibility of MFW with six distinct water sources and 
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subsequently for deciding whether it is practical and can be 
used as water injection in oil production.

Chemical compatibility and saturation index (SI)

SI is an index that is used for chemical interaction model 
studies. It shows the mineral saturation status in the ground-
water system and then determines the rock type contacting 
with groundwater. Pitzer equations have defined it. There-
fore, the minerals in the aqueous phase are in equilibrium, 
supersaturation or undersaturation status (Gedamy et al. 
2011).

(1)SI = log IAP∕Ksp

Here, SI is saturation index, IAP is product of the ionic 
activity in dissolution reaction, and KSp is equilibrium con-
stant of the mineral dissolution at a specific temperature.

SI are given in three cases as follows:

• S.I (0): Mineral phase is in equilibrium status in the water
• S.I (˃ 0): Precipitation of mineral phase in the water 

(super saturated status)
• S.I (˂ 0): Dissolution or alteration of mineral phase in the 

water (under saturated status).

SI type controls the contents of inorganic constituents 
of groundwater. All minerals usually react with ground-
water to some extent. However, minerals that react slowly 
have less influence on chemical compositions than miner-
als that react rapidly. Mineral stability is different because 

Fig. 2  Halfaya Oilfield's Creta-
ceous stratigraphic column and 
cored wells with interval distri-
bution of drilling wells. adapted 
from (Zhong et al. 2018)
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of the changing equilibrium conditions during mineral 
formation. Mineral abundance in any aquifer system also 
affects water chemistry. SI is essential for calculating 
chemical compatibility. Chemical compatibility is a hold-
ing group that simulates the compatibility through which 
kinds mix different injection sources with oilfield water at 
different rates (Wilkin and DiGiulio 2010). Subsequently, 
the properties of the new water are tested to determine 
whether it is compatible or incompatible as injection water 
of the produced oil. The six water types are selected to be 
mixed by different ratios (10–90%), (20–80%), (30–70%), 
(40%–60%), (50–50%), (60–40%), (70–30%), (80–20%), 
and (90–10%) with the oilfield water of Mishrif forma-
tion in Halfaya oilfield. Waters that can be mixed without 
precipitates are called compatible if they can be mixed 
without producing any chemical reaction among the dis-
solved solids in the waters and thus precipitating insoluble 
compounds (Henkel 1953). Water used for injection usu-
ally contains an amount of inorganic salts and sometimes 
organic salts in solution; testing the compatibility of the 
injection water and water in the formation before starting 
the injection operation is common practice (Collins 1977). 

In general, scale (salt crust), precipitated due to mixing, 
is one of the most critical problems that inflict damage on 
injection systems and the main oil reservoir. It can also 
plug production lines, equipment, and impaired fluid flow 
(Moghadasi et al. 2003; Merdhah and Yassin 2008). In 
the case of injection systems, the formed scale may cause 
a plug in formation pores, thus decreasing permeability 
and causing obstruction to the fluid flow with time (Col-
lins and Wright 1985). One of the most critical and haz-
ardous phenomena is mineral scale deposition due to the 
incompatibility between injected and formation waters and 
changes in temperature, pressure, gas dissolution, and ph. 
It is a scale deposition process from aqueous mineral solu-
tions, referred to as brines, when they become supersatu-
rated solutions as a result of changes in the state of their 
thermodynamic and chemical equilibrium (Taheri et al. 
2011). The most important ions present in oilfield water 
and cause scale precipitation are  Ca2+,  Sr2+,  Ba2+,  Fe2+, 
 HCO−, and  CO2− (Oddo et al. 1982; Paulo et al. 2001). 
Scale deposition can occur in a particular water type due 
to supersaturation with scale-forming salts attributable 
to variations in physical conditions based on which the 
water exists (Yuan and Todd 1991). Scales form when two 
incompatible liquids are set together and supersaturation 
happens. The primary source of oilfield scale is waters that 
are named incompatible if they react chemically and pre-
cipitate minerals when mixed (Merdhah and Yassin 2007). 
The common scale types known in oil reservoirs are listed 
in Table 3. Sulfates such as calcium sulfate (anhydrite, 
gypsum), barium sulfate (barite), strontium sulfate (celes-
tite), and calcium carbonate (calcite) are important scales 
in oilfield operations. The proposed ARN acid structure 
suggested by (Lutnaes et al. (2006) is presented in Fig. 4.

Mathematical model of chemical compatibility

This model is designed to determine the scale type formed 
and calculate SI while mixing two water types with differ-
ences in components’ chemical and physical properties. 
First, SI indicates if a solution is in equilibrium, under-
saturated or supersaturated condition concerning a solid 
phase (Warsinger et al. 2015). One value signifies a tenfold 
supersaturation, whereas a value of (− 2) refers to a 100-fold 
undersaturation about a particular mineral phase. Equilib-
rium can be assumed for a range of (− 0.5) to (+ 0.5). If the 
SI value is below (− 0.5), then the solution is undersaturated 
about the corresponding mineral; if SI exceeds (+ 0.5), then 
the water is supersaturated for this mineral (Ghalib 2017; 
Ghalib and Almallah 2017; Hussain et al. 2019; Al-Qurnawi 
et al. 2022). Therefore, PHREEQC V.3 is used in this study 
because it can simulate the interactions that occur during the 
mixing and precipitation of mineral types.

Collecting Data; Oilfield well and 6 types

of water (6 different sources)

Testing physical and Chemical

EC, T, P Cation, and anion
water sampling

Gathering oilfield-produced water, formation

water, and other surface source water from

different areas at different: Temperature,

pressures, flow rates, degrees of mixing, and pH

Potential water incompatibility problems

Simulation (using the Phreeqc

program)

Detecting potential water

incompatibility problems

between 6 source water and

Reservoir formation water

Solving solid-liquid equilibrium equations with

electroneutrality equations simultaneously

Calculating the precipitation of specified salt

using mass balance and adjusting the ions

concentration of brines

Calculating SI, precipitation of each salt, and

equilibrium concentration of ions in the solution

Results
Potential water incompatibility problems

between 6 source water and reservoir formation

water

Simulation

Injection

Well

Fig. 3  Illustration diagram of the main steps of current research



1271Journal of Petroleum Exploration and Production Technology (2023) 13:1265–1282 

1 3

Table 1  Chemical components 
in the Mishrif if reservoir water 
(Halfaya field) and compared 
with seawater and some of the 
world's oil fields (**Al-Khafaji 
2003; Al-Atabi 2009)

Parameter Well ID Na+ Ca2+ K+ Mg2+ Cl− SO4 HCO32−

(ppm)

Halfaya field HF-1 63,980 7900 2727 1855 120,099 182.80 280
HF-3 62,950 9600 2833 1837 121,100 172.40 283
HF-4 62,500 9850 2308 2400 119,890 171.50 280
HF-5 63,870 9730 2650 2341 122,500 175.20 285
HF-7 64,300 8950 2132 2860 118,950 179.50 301
HF-26 63,540 7300 2443 2790 119,878 174.30 432
HF-195 65,100 8900 2200 2620 120,500 189.10 281
HF-115 64,400 9200 2560 2410 121,076 187.09 290
HF-81 62,900 8910 2300 2550 122,200 179.30 300
HF-316 63,850 8960 2650 2780 119,899 177.55 305
HF-161 62,500 8790 2510 2650 118,900 181.50 299
HF-137 63,700 7980 2815 2499 120,899 176.80 285

Average 63,632.5 8939 2498 2466 120,490 178.92 301.75
*Seawater 10,556 400 380 1272 18,980 2649 140
*Oklahoma 54,392 9100 - 2432 106,216 768 450
*Texas 42,803 21,680 166 2638 111,860 130 330
*Los Angeles 48,737 20,000 1040 523 80,336 – –
**zubair field 66,490 14,600 1761 3120 138,349 434 173
**Nahr Bin Umar field 69,786 13,913 1790 2423 140,229 512 248
**Yamama field 59,583 14,259 640 2169 123,591 825 446
Collins, 1975 74,500 48,800 650 2000 188,900 432 0

Table 2  Chemical properties 
of sources of injection water 
compared with the results 
published in (Faure 1998; 
Al-Asadi et al. 2019) for local 
and global rivers

Samples water injection Na+ K+ Ca2+ Mg2+ Cl− SO2−4 HCO3−

ppm

TRW 
PWF

342
74,000

6.5
2000

197
10,912

75
2500

512
121,000

454
500

179
95.1

MW 1978 34.96 788.4 217.2 3100 2241 61.2
GSW 14,071 N/A 880 1391 24,377 3217 N/A
MKFW 58,500 1385 15,860 4112 137,055 277.9 19.6
MOD 3540 72 551 610 4080 299 229
Average 25,405 670 4865 1484 48,354 1164 117
*Euphrates 97.7 5.5 98.2 37.9 142.4 561 151
**Mississippi 11 2.8 34.0 8.9 10.3 25.5 116
**Colorado 95 5.0 83.0 24 87.0 270 135
**Amazon 1.5 0.8 5.2 1 1.1 1.7 20
**Nile 1.7 1 25 7 3.9 13 131

Table 3  Most common oilfield 
scales

Compound name Formula Specific gravity Solubility

Cold water (mg/l) Other

Barium sulfate BaSO4 4.50 2.20 60 mg/l in 3%HCl
Calcium carbonate CaCO3 2.71 14.0 Acid soluble
Strontium sulfate SrSO4 3.96 113.0 Slightly acid soluble
Calcium sulfate CaSO4 2.96 2.09 Acid soluble
Calcium sulfate CaSO4.2H2O 2.32 2.41 Acid soluble
Sodium chloride NaCl 2.16 357.0 Insoluble in HCl
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Results and discussion

Oilfield water and source water properties

Oilfield water is natural water presented in pores and holes 
of reservoir rocks before the subsurface injection process 
(Collins 1977), which is therefore sometimes called for-
mation water or reservoir water. Hydrochemistry is use-
ful for determining the reservoir nature and oil properties 
where the chemical compositions of these waters dem-
onstrate several factors, including water origin (Bozdağ 
2016; Ghalib 2017; Shah et al. 2021). Waterflooding, also 
known as water injection, is a process in which water is 
pumped into an oil reservoir to maintain reservoir pres-
sure or move oil toward wells, thereby increasing output 
(Ghalib and Almallah 2017). Thus, oilfield water proper-
ties and water injection are tested to determine whether 
oilfield water is compatible or incompatible with being 
the injection water of the produced oil. The Piper diagram 
(Piper 1944) is employed in this study to classify waters 
using hydrochemical facies. It depicts MFW classification 
in Halfaya oilfield, with all water samples falling into the 
sodium chloride type (NaCl) t, except for HF-81, which is 
classified as a mix type (CaMgCl) type (Fig. 5).

Surface water samples are collected from different water 
types: TRW, PWF from Central Processing Facility in Hal-
faya oilfield, Southern Iraq (Table 2), GSW, MW, MKFW, 
and MODW. These water types are tested for chemical com-
patibility by mixing them with Mishrif formation oilfield 
water and then evaluating whether it is appropriate to be 
used as water injection in oil production. For this reason, 
their physical and chemical properties are determined.

A stiff diagram is used to determine all selected injec-
tion water qualities for simulation (Fig. 6). According to the 
diagram, all injection water types are Na and K predominant 
cations, whereas Cl is the predominant anion, and the water 
type is NaCl (Fig. 6).

Simulation of mineral scale quantity for Mishrif 
Oilfield water

Chemical compatibility of sample Tigris River water (TRW)

Table 4 illustrates the results of combining TRW with 
MFW at various mixing ratios under reservoir circum-
stances to calculate mineral SI and generate the equilib-
rium conditions of selected minerals. In all mixing ratios 
between TRW and MFW, the results reveal calcite, arago-
nite, dolomite, celestite, goethite, and strontium supersatu-
ration. By contrast, the projected results show gypsum, 
anhydrite, and siderite undersaturation (Fig. 7). Moreo-
ver, mixing ratios (30–70%), (50–50%), (70–30%), and 
(90–10%) suggest that barite is close to the equilibrium 
zone, but only the mixing ratio (10–90%) depicts barite in 
the supersaturation zone (Table 4) (Fig. 7). Furthermore, 
only siderite is in the undersaturation state, and no precipi-
tation is observed from the mixtures (10–90%), (30–70%), 
(50–50%), (70–30%), and (90–10%) of oilfield water to 
TRW (Table 3) (Fig. 7).

Chemical compatibility of sample producing water 
formation (PWF)

To find the chemical compatibility of PWF with the oilfield 
water of Mishrif reservoir, SI (kcal/mole) is calculated 
for nine mixtures at reservoir conditions. Table 5 shows 
the results of the SI of gypsum, anhydrite, and siderite in 
all mixing ratios in undersaturated states; moreover, the 
negative value indicates that these minerals are in equi-
librium or undersaturated state and that no mineral pre-
cipitate occurs. Therefore, all these minerals occupy the 
undersaturated zone (Fig. 8). These SI values refer to that 
the celestite in all mixing ratios is in equilibrium zone or 
undersaturation with no mineral precipitate (Fig. 8). Other 
SI values refer to that the barite in mixing ratios (10–90%), 
(20–80%), (30–70%), (40–60%), (50–50%), and (60–40%) 
is in equilibrium zone, but that in mixing ratios (70–30%), 
(80–20%), and (90–10%) is in saturation state. As a result, 
mixing should be used to perform a periodic inhibitory 
therapy. The mixture ratios incompatible between the oil-
field water and PWF are (10–90%), (20–80%), (30–70%), 
(40–60%), (50–50%), (60–40%), (70–30%), (80–20%), 
and (90–10%) for minerals dolomite, goethite, calcite, and 
aragonite; compatible waters for strontium mineral are in 
mixing ratios (10–90%), (20–80%), (30–70%), (40–60%), 
(50–50%), and (60–40%), whereas incompatible waters 
are in mixing ratios (70–30%), (80–20%), and (90–10%). 
Therefore, treatment is needed in these mixing ratios 
(Table 5) (Fig. 8).

Sea water (SO4
-2 and CO3

-1) and
other source injection

Production water
(BaSO, CaCO3, & CaSO4)

Formation water (Ba+2, Ca+2) mix with
seawater and other sources (SO4

-2 and CO3
-1)

Fig. 4  Proposed predominant structure of ARN acid (Modified after 
Olajire 2015)
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Chemical compatibility of sample Gulf seawater (GSW)

The SI (kcal/mole) of the mixture of the Mishrif formation 
oilfield water and sample GSW under reservoir conditions 
is calculated through nine mixtures. These SI values refer 
to that the siderite is undersaturated. By contrast, goethite, 
dolomite, calcite, aragonite, strontium, and celestite are satu-
rated (Table 6) (Fig. 9). Barite, gypsum, and anhydrite are 
close to the equilibrium state under the saturated zone in 
all mixing ratios. The mixture ratios compatible between 
oilfield water and GSW are (10–90%), (20–80%), (30–70%), 
(40–60%), (50–50%), (60–40%), (70–30%), (80–20%), and 
(90–10%) for mineral siderite; they are compatible waters 
because no minerals precipitate and eventually no scale is 
formed (Table 6) (Fig. 9), whereas the mixture ratios men-
tioned above are incompatible for minerals goethite, dolo-
mite, calcite, aragonite, strontium, and celestite; therefore, 
these minerals occupy the precipitation zone at these mixing 

ratios (Table 6) (Fig. 9). As a result, mixing should be used 
to perform a periodic inhibitory therapy, in addition to bar-
ite, gypsum, and anhydrite.

Chemical compatibility of sample Marshes waters (MW)

The results of mixing MW in MFW with varying mixing 
ratios under reservoir circumstances determine the SI of 
minerals and construct equilibrium conditions for the cho-
sen minerals (Table 7). In general, the data demonstrate 
that siderite is undersaturated. By contrast, the projected 
results suggest that goethite, aragonite, dolomite, calcite, 
barite, strontium, and celestite are supersaturated (Fig. 10). 
Gypsum and anhydrite do not precipitate from any mixture 
of the oilfield with MW. Therefore, they are represented by 
a curve occupying equilibrium and undersaturated zones 
(Fig. 10). Goethite and dolomite SI show a supersaturation 
of (10, 20%), (30, 40%), (50, 60%), (70, 80%), and 90% of 

Fig. 5  Piper diagram of the Oil-
field water to Mishrif formation
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MW and MFW, respectively (Table 7) (Fig. 10). The mix-
ture ratios compatible between the oilfield water and MW 
are (10–90%), (20–80%), (30–70%), (40–60%), (50–50%), 
(60–40%), (70–30%), (80–20%), and (90–10%) for mineral 
siderite; they are compatible waters because no miner-
als precipitate and eventually no scale is formed (Table 7) 
(Fig. 10). Meanwhile, the mixture ratios mentioned above 
are incompatible for minerals goethite, aragonite, dolomite, 
calcite, barite, strontium, and celestite. Thus, these min-
erals occupy the precipitation zone at these mixing ratios 
(Table 7) (Fig. 10). As a result, mixing should be used to 

perform a periodic inhibitory therapy, in addition to gypsum 
and anhydrite.

Chemical compatibility of sample Middle Kirkuk formation 
waters (MKFW)

To find the chemical compatibility of MKFW with the 
oilfield water of Mishrif reservoir, SI (kcal/mole) is cal-
culated for nine mixtures at reservoir conditions. Table 8 
illustrates the SI of gypsum, anhydrite, and celestite in all 
mixing ratios in the equilibrium state, including the negative 

Fig. 6  Piper diagram of the Oilfield water to Mishrif formation
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values showing that these minerals are in equilibrium or 
undersaturated condition, with no mineral precipitates. 
Therefore, all these minerals occupy the undersaturated 
zone (Fig. 11). Goethite is in a clear saturation state for 
mixing ratios (10–90%), (20–80%), (30–70%), (90–60%), 
(50–50%), (60–40%), and (70–30%). Consequently, these 
mixtures occupy the precipitation zone (Fig. 11) and eventu-
ally represent incompatible waters. Mixing ratios (80–20%) 
and (90–10%) in equilibrium or undersaturated state appear 
as compatible waters. The result in (Table 8) shows that the 
dolomite is saturated in mixing ratios (10–90%), (20–80%), 
and (30–70%), whereas it is unsaturated in mixing ratios 
(50–50%), (60–40%), (70–30%), (80–20%), and (90–10%) 
(Fig. 11). These SI values refer to that the aragonite, cal-
cite, and strontium (Fig. 11) are saturated in mixing ratios 
(10–90%), (20–80%), (30–70%), and (40–60%). However, 
they are unsaturated in mixing ratios (50–50%), (60–40%), 
(70–30%), (80–20%), and (90–10%). The curves of these 
minerals occupy an undersaturated zone, indicating that no 
scale is formed (Fig. 11).

Chemical compatibility of sample main outfall drain water 
(MODW)

Table 9 and Fig. 12 display the results of mixing MODW 
in MFW with various mixing ratios under reservoir circum-
stances resulting in the determination of SI and the con-
struction of equilibrium conditions for the chosen miner-
als. The results demonstrate that goethite and dolomite are 
supersaturated in general, in mixtures of 10, 20, 30, 40, 50, 
60, 70, 80, and 90% oilfield water by 90, 80, 70, 60, 50, 40, 
30, 20, and 10% MDW, respectively. Scales may precipitate 
according to this theory (Fig. 12). In addition, the results 
for aragonite, strontium, and calcite in saturation show all Ta
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mixing ratios, but low ones. As a result, mixing should be 
used to perform a periodic inhibitory therapy. Table 8 pro-
vides the results of the SI of celestite and barite in all mixing 
ratios in the equilibrium zone or undersaturated zone and no 
mineral precipitates (Fig. 12). These SI values refer to the 
siderite, anhydrite, and gypsum undersaturated in mixing 
ratios (10–90%), (20–80%), (30–70%), (40–60%), (50–50%), 
(60–40%), (70–30%), (80–20%), and (90–10%). However, 
due to their low saturation ratios, siderite, anhydrite, and 
gypsum scales do not require treatment. Nevertheless, 
goethite, dolomite, aragonite, strontium, and calcite scales 
should be treated regularly.

Findings 

This study uses the mathematical model of chemical com-
patibility to mix six types of injection water sources in dif-
ferent ratios with MFW detected in surface water injection. 
The following items can be concluded and highlighted:

• The best water types used for injection are MKFW, fol-
lowed by MODW, and then GFW, which reveals compat-
ibility with formation water

• The findings of the scale prediction model for the Mishrif 
formation utilizing TRW for injection suggest that the 
most prevalent oilfield scales characterized by carbonate 
and sulfate minerals have a chance to precipitate. Sider-
ite, anhydrite, and gypsum do not precipitate. Celestite 
and barite, meanwhile, are extremely rare

• MW injections produce the same findings as in the GSW 
prediction model. The principal precipitated scales are 
carbonate and sulfate minerals, whereas other projected Ta
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scales are not expected to present serious issues because 
they dissolve under reservoir conditions

• When mixing the water formation of Mishrif reservoir 
with MKFW for injection, the findings of the scale esti-
mate model indicate that sulfate and carbonate minerals 
are the principal precipitated scales, only for the mixing 
ratios of 10, 20, and 30%; the rest of the mixing ratios are 
not precipitated scales

• Scaling simulation findings demonstrate supersaturation 
and the possibility of precipitating aragonite, calcite, 
dolomite, goethite, and strontianite minerals when mix-
ing MDW with various ratios. Other predicted scales are 
not anticipated to present serious issues under reservoir 
conditions

• Given the findings, MWF is incompatible with TRW and 
PWF

• All scale-predicting models of surface water injection 
indicate no compatibility with the formation water; thus, 
a chemical inhibitor treatment by mixing is considered to 
avoid or diminish barite and calcite scale precipitation

• This study is a step toward improving oil production by 
detecting the appropriate water types for injection pro-
cesses. It provides a further understanding of the serious 
issues in the water injection processes that aim at reduc-
ing corrosion and other issues.

Advantages and disadvantages

The advantages of this research are given as follows:

• Through this methodology, the best water to enhance 
oil production was identified in its compatibility to pre-
vent sedimentation resulting from the injection. The Ta
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sedimentation leads to the closing of the pores and 
permeability, thus decreasing oil production instead of 
enhancing it.

• Obtaining the above results at the lowest possible cost.
• Ease of applying the study method through simulation 

through specialized programs such as PHREEQC due to 
its unique and comprehensive capabilities and accessibil-
ity.

• Different injection sources were used that are available 
in the region, considering the economic feasibility of its 
proximity to the oil production field.

The potential limitations and disadvantages include:

• As a potential limitations of this research, the results of 
this study cannot be generalized to all other oil reservoirs 
with different geological composition and various res-
ervoir conditions even though the methodology of this 
study can be globally used. In the event of employing a 
certain reservoir conditions and different injection source 
to get results of this certain reservoir, it would definitely 
differ from our results of the studied reservoir in the cur-
rent study.

• Intricacy of the reaction conditions that differ with each 
type of water used.

• The results demonstrated that the marine water is appro-
priate for injection. Yet, it is infeasible to use due to 
requiring costly transportation facilities from the source 
(the Gulf) to the far oilfields.

• Some of the injected water requires potentially costly 
treatment before the injection.

• This study has yet to do experimental mixing between 
injected and oilfield waters, which is recommended for 
future researchTa
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Conclusions

This study uses the mathematical model of chemical com-
patibility to mix six injection water sources in different 
ratios with Mishrif formation water detected in the surface 
water injection. The research concludes the following:

• The results showed that most of the suggested water for 
injection is sodium chloride.

• Given the findings, the formation water of the Mishrif 
reservoir is incompatible with the Tigris River water 
and producing water formation.

• A scale is deposited during mixing. The number of pre-
cipitated salts varies depending on the mixing ratios.

• The precipitated salts lead to many problems in the oil 
reservoirs by preventing fluid movement in the reser-
voir due to locking the pore spaces and fractures.

• To reach formation water compatibility, implement-
ing the chemical inhibition treatment through mixing 
should be taken into consideration to avoid scale pre-
cipitation.

• This study's geochemical modeling method is a step 
toward better understanding scaling issues by effi-
ciently detecting the best injection water with the low-
est possible cost, which enhances oil production.
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