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Abstract: This study compares Cretaceous and Neogene formations for natural wastewater treatment
and protection of deep aquifers in Kurdistan, Iran. Field, laboratory, and hydrogeological data were
integrated from downstream of Sanandaj and Marivan wastewater treatment plants. Effluent electrical
conductivity was about 2430 pS/cm, while groundwater values reached 3836-3858 pS/cm.
Groundwater pH ranged from 7.1 to 7.4, nitrate from 0.299 to 2.38 mg/L, and COD from 10 to 50 mg/L.
Fecal coliform declined from >400 MPN/100 mL in effluent to zero in some springs. Tracer travel time
was about 5 days in Cretaceous but >30 days in Neogene sediments. Fractures and secondary porosity
in Cretaceous caused rapid pollutant transport, whereas the Neogene matrix provided greater
adsorption, ion exchange, and natural attenuation. Therefore, Neogene sediments are safer and more
suitable for artificial recharge and aquifer protection.
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Introduction: Water scarcity and poor management have intensified pressure on freshwater resources, making
wastewater reuse essential (Qadir et al., 2010). Soil aquifer treatment (SAT) improves effluent quality through
physical, chemical, and biological processes in soil (Saroj and Kennedy, 2017; Pi and Wang, 2006). Its efficiency
depends on sediment properties such as porosity, hydraulic conductivity, and microbial activity (Zarei et al., 2021).
Fractured formations transmit pollutants rapidly, whereas porous media provide longer contact time and greater
attenuation (Rahimi et al., 2020; Falahatkar et al., 2021). In Iran, Kurdistan Province offers a unique comparison
because Sanandaj treatment plant discharges into Cretaceous calcareous and fractured sediments, while Marivan
treatment plant discharges into Neogene alluvial and porous sediments (Hosseinpour et al., 2011). Previous studies
have mainly examined wastewater reuse or groundwater quality separately (Al-Baji and Asgari, 2017; Anbari and
Nouri, 2018), and a systematic comparison of Cretaceous and Neogene units for artificial recharge is lacking. This
study therefore evaluates the quantitative and qualitative effects of treated municipal wastewater on groundwater
in these two contrasting geological settings. It integrates field, laboratory, and hydrogeological data to identify the
more suitable formation for sustainable effluent disposal and aquifer protection.

Methodology: The study was conducted downstream of Sanandaj and Marivan wastewater treatment plants,
Kurdistan Province, Iran. Sanandaj is dominated by fractured Cretaceous limestone, marl, shale, and sandstone
(Fig. 1), while Marivan comprises Neogene conglomerate, sandstone, silt, and clay (Fig. 3). Effluent transfer and
discharge pathways are shown in Fig. 2. Basic data included geological maps, meteorological records, groundwater
levels, and pre- and post-operation data. Sampling covered effluent, springs, and wells. Physical and chemical
parameters included pH, EC, TDS, major ions, nitrate, phosphate, and heavy metals by ICP-MS; effluent chemistry
and heavy metals are presented in Tables 2 and_3. Biological parameters (BOD, COD, fecal and total coliform)
are summarized in Table 1. Hydraulic tests measured porosity, hydraulic conductivity, and infiltration rate, with
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porosity and tracer travel time compared in Figs. 11 and_12. Double-ring infiltrometer and fluorescent tracer tests
determined infiltration, flow direction, and travel time (Fig. 13). Groundwater hydrographs and spring discharge
variations are shown in Figs. 4-6. Spatial nitrate and EC variations appear in Figs. 9 and_10, and hydrochemical
types were determined using Piper and Stiff diagrams (Figs. 7 and 8). Data analysis included hydrographs, contour
maps, removal efficiency, and comparative assessment.

Results and Discussion: Quantitative data showed that effluent increased aquifer recharge in both areas. In
Sanandaj, Cretaceous springs such as Tapeh Rash, Goizkeh, and Kani Hoz increased in discharge or became
perennial after 2009, even when rainfall decreased. In Marivan, observation wells and contour maps showed rising
water levels in Darzian, Rikhalan, Barghaleh, and Kal, confirming indirect artificial recharge. Effluent electrical
conductivity was about 2430 puS/cm, while spring and well values averaged 3836 and 3585 puS/cm, respectively.
Groundwater pH ranged from 7.1 to 7.4. In Cretaceous sediments, rapid fracture flow caused chloride, sodium,
and nitrate to increase near the release point, sometimes exceeding effluent concentrations. Arsenic and lithium
also increased in Tapeh Rash spring, indicating limited heavy-metal removal. BOD, COD, and coliform decreased
in some springs, but dissolved ions and metals remained a risk. In Neogene sediments, chloride and sodium
decreased away from the discharge point, nitrate fell to about 12 mg/L compared with 30 mg/L in effluent, and
COD dropped below 10 mg/L. Fecal coliform reached zero in most wells, and heavy metals remained mostly
below drinking water standards. Effective porosity was about 20% in Neogene sediments but less than 5% in
Cretaceous sediments. Hydraulic conductivity was 10#-107 m/s in Cretaceous and 10°—10~° m/s in Neogene.
Infiltration rate averaged 15 cm/h in Cretaceous and 2.5 cm/h in Neogene. Tracer travel time to 30 m depth was
about 5 days in Cretaceous but more than 30 days in Neogene. Nitrate removal was about 50% in Neogene and
nearly zero in Cretaceous. These results show that Neogene sediments provide longer contact time, adsorption, ion
exchange, denitrification, and biological degradation, making them safer for artificial recharge and deep aquifer
protection. Cretaceous sediments require tertiary treatment and advanced monitoring, preferably with deep
injection wells.

Conclusion: This study compared Cretaceous and Neogene formations for natural treatment of municipal
wastewater and protection of groundwater in Kurdistan, Iran. Both areas showed increased aquifer recharge after
effluent infiltration, but their mechanisms and risks differed. Cretaceous sediments, with fractures and low matrix
porosity, allowed rapid pollutant transport; chloride, sodium, nitrate, and some metals increased in nearby springs.
Neogene sediments, with higher effective porosity, lower hydraulic conductivity, and clay layers, provided longer
contact time and greater adsorption, ion exchange, denitrification, and biological degradation. Nitrate, COD,
coliform, and heavy metals decreased significantly downstream of Marivan. Tracer travel time was about 5 days
in Cretaceous but over 30 days in Neogene. Therefore, Neogene sediments downstream of Marivan are more
suitable for sustainable artificial recharge, while Cretaceous sediments require tertiary treatment, deep injection
wells, and continuous monitoring.
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Fig. 2 Location of the Sanandaj Wastewater Treatment
Plant, the Effluent Transfer Route to Zhaveh Dam, and
Its Discharge Pathway into the Gavehroud River
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Table 2 Results of the Analysis of Effluent from the Sanandaj and Marivan Treatment Plants

Effluent Effluent Effluent
EC 2430 As (ug/l) 5/52 BOD (mg/1) 18
pH 7/24 Ba (ug/l) 27/52 COD (mg/1) 50
HCO3 (meg/l) 1/6 Cr (ug/l) 4/78 MPN/100 <400
CL (meq/1) 8/21 Li (ug/l) 43/29
SO4 (meq/1) 1/04 Mo (ug/l) 1/89
NO3 (meq/l) 0/53 Ni (ug/l) 1/70
PO4 (meq/l) 5/00 Rb (ug/l) 19/41
Ca (meq/l) 2/82 Sr (mg/1) 1/52
Mg (meq/1) 2/05 W (ug/l) 3/24
Na (meq/1) 10/92
K (meg/l) 0/44
Table 3 Heavy Metals in Selected Stations
Haneh-y.e Elyas Sark?neh Wastewater Tappe_Rush Mallel} Kuh Standard Element name
Spring Spring Spring Spring
0/005 0/003 0/006 0/006 0/075 0/01 Arsenic (As)
0/002 0/005 0/005 0/004 0/001 0/05 Chrome (Cr)
0/005 0/005 0/002 0/001 0/004 0/07 Molybdenum (Mo)
0/001 0/001 0/002 0/001 0/001 0/02 Antimony (Sb)
0/025 0/017 0/029 0/042 0/060 0/7 Barium (Ba)
0/002 0/002 0/002 0/004 0/002 0/07 Nickel (Ni)
Disclosure Disclosure Disclosure Disclosure Disclosure
threshold threshold threshold threshold threshold 0/01 (Pb) Lead
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Fig. 8 Stiff diagram of the effluent sample from the
Sanandaj treatment plant

Blapal §I 2,5 olay dged il loges A JSK&
e

ety 50 Slay gead g o5 1 (36 Wlgs oo Rl
il (65,0laS bl ol el aslal ‘Q|9_-}L,T
a5 a2 o L bl (S OIS 0590 50 (i
Glag 5l JYL (540 Aol 40 i g u_i:.l...u)] cdale
b (S92 Jols pses sloos] b s @ Yl a5 el

ke yeS ol 18 Clay s 31590 5 (9,8 Jles
S ol cdale aes e i 1) o 5 IS
o) el Gl 51 5YL &S sy oo id 1 Yls ST bes

()
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5- List of Symbols

EC Electrical conductivity
pH Acidity / alkalinity
BOD Biochemical oxygen demand

COD Chemical oxygen demand
MPN Most probable number
Eh Redox potential

SAT Soil aquifer treatment
ICP-MS Inductively coupled plasma
mass spectrometry
NOs™ Nitrate ion

N2 Nitrogen gas
CO: Carbon dioxide
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