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Abstract: Reconstruction and urban development in Kabul, Afghanistan, has prompted vast ex-
pansion of the clay quarrying and brick making industry. This study identified the extent and
distribution of clay quarrying and brick kilns in the greater Kabul area between 1965 and 2018. Very
high-resolution satellite imagery was interpreted to quantify and characterize the type, number,
and location of brick kilns for 1965, 2004, 2011, and 2018. Geospatial analysis of kilns together with
geologic data and the results of hyperspectral image analysis yielded information regarding the
extent of relevant mineral resources. Finally, kernel density analysis of kiln locations for each date
called attention to their shifting spatial distribution. The study found that the clay quarrying and
brick making industry has expanded exponentially. The type of kilns has transitioned from artisanal
style clamp kilns to small-scale Bull’s Trench Kilns (BTK), and ultimately to Fixed Chimney Bull’s
Trench Kilns (FCBTK). While quarrying has occurred entirely within quaternary windblown loess
and clay deposits, artisanal clamp kilns were located in fine sediments containing montmorillonite
and FCBTKs have developed in sediments containing calcite and muscovite. The study’s inventory
of kilns was then used to estimate kiln workforce at 27,500 workers and production at 1.579 billion
bricks per year.

Keywords: brick kiln; development minerals; clay quarrying; artisanal and small-scale mining;
Kabul Afghanistan

1. Introduction

Afghanistan is a developing nation transitioning towards democracy and peace after
decades of civil and international conflict. While some conflict continues between the
multitude of actors involved, including the Government of the Republic of Afghanistan,
the Taliban, the Islamic State, local communal militias, private security forces, and members
of the North Atlantic Treaty Organization (NATO) [1,2], the disengagement of international
security forces and peace talks between various actors is one indication of progress toward
the resolution of conflict. This transition towards peace over the past several decades has
prompted the capital, Kabul, to grow from a relatively small city, with a 1970 population
of less than 500,000 people, to a sprawling urban center with over 4.2 million people [3].
Population growth due to in-migration has greatly expanded the need for housing, com-
mercial and industrial buildings, and associated infrastructure. This, in turn, has greatly
increased demand for bricks, the primary construction material of the region.

Much research is focused on the brick kilns throughout the “brick belt” of Asia, but
there are significant gaps in these studies including a complete lack of statistical data
regarding the number and types of brick kilns operating in Afghanistan, despite it being
one of the four countries in Asia noted for a large brick making industry [4]. Specifically,
there is a notable lack of data on brick kiln types in operation, their productivity, their
location and number, and the number of workers employed. The immense population
growth and reconstruction in Kabul and other urban centers in Afghanistan during the
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past 20 years, which is largely dependent on the supply of low-cost building materials,
makes this data gap particularly significant and relevant.

To address these critical gaps in data this study analyzed the scale and scope of the
clay quarrying and brick making industry in Kabul over the 53 years between 1965 and
2018. The study investigates how many kilns were operational in Kabul, what type of
kiln technology was being utilized, and how these kilns were distributed geographically.
Geospatial analysis using very high-resolution satellite imagery together with geologic data
provided a better understanding of the mineral resources used in brick making, quantified
changes in the industry over time, and provided a baseline dataset of the clay quarrying
and brick making industry in Kabul. Further, the number of active kilns was used to
estimate how many people were employed by the sector and the production capacity of
Kabul’s kiln industry.

1.1. Background

Bricks are one of the most common building materials in developing countries, as
they require only readily available resources such as clay, water, and fuel. Various artisanal
methods of kiln-firing bricks occur globally, however brick making is predominant through-
out Central Asia, due to the prevalence of clay or loess in the surficial geologic sediments
and the lack of timber due to prevailing climates [5,6]. Along with India, Nepal, and other
countries in Central Asia, Afghanistan has traditionally had a substantial brick-making
industry located around the periphery of its urban centers [5,7,8].

The brick-making process has four basic steps: clay preparation, molding, drying,
and firing [9]. However, there are a number of kiln styles in different areas of the world
that are dependent on local situations and material availability. Brick composition also
varies depending on the local availability of raw materials, but some combination of loess,
clay, and/or sand, quarried in the immediate vicinity of the kiln, as well as water to bind
the materials together, is typical [10]. Brick furnace designs range from the rudimentary
artisanal intermittent ovens such as clamp kilns, to more efficient and complex large-scale
kilns such as Bull’s Trench Kilns (BTK) and High/Induced Draught Zigzag kilns. Brick
furnace ovens are designed to run either intermittently or continuously at temperatures of
approximately 1000 ◦C [4,11].

Intermittent kilns fire and cool the bricks in batches, meaning that the kiln must be
completely emptied, then refilled, and the fire rekindled for each subsequent batch of
bricks [9]. In its simplest form, such as in clamp kilns, this entails the layering un-fired
“green” bricks over top of a fuel source, however more complex versions such as the
Hoffman Kiln utilize a flue induced draught and zones of preheating, combustion, and
cooling. The primary fuel source for clamp kilns in Afghanistan, which closely resemble
mud-walled scove-style clamp kilns, is wood, coal, or agricultural debris. The production
capacity of this kiln style is approximately 10,000 bricks per batch (although there are
examples of very large intermittent kilns in other regions that have higher production
capacities) and each batch may take 10–15 days to complete. Artisanal style clamp kilns in
Afghanistan employ approximately 10–12 workers per kiln [12].

Continuous kilns are larger and more complex, and are built in an elliptical shape
around a central ventilation area. The annular space between the kiln’s outer and inner
walls is divided into zones of preheating, firing, and cooling. Green bricks are added to
this space while firing occurs in another part of the kiln and they are preheated by gases
from the firing zone. Fuel is added to this firing zone, and the fire is moved into it by a
draught from the chimney. When the fire has progressed onto the next zone, the heated
bricks are left to cool, then removed. While the BTK or fixed chimney Bull’s Trench Kiln
(FCBTK) are the primary continuous kiln designs in Afghanistan, other continuous kiln
styles include the zigzag kiln, vertical shaft, and tunnel kiln. BTKs utilize two moveable
chimneys to induce a draught and move the fire around the kiln. However, this two-
chimney technology has largely been replaced by the larger central stack of the FCBTK,
improving the power of the draught and thereby the efficiency of the kiln. A variety of fuel
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sources can be used in BTKs and FCBTKs, including wood, coal, agricultural residue, and
industrial waste or by-products, however in Afghanistan coal is the primary fuel source. A
complete description of BTKs and other kiln styles can be found in [12].

BTKs and FCBTKs typically produce between 20,000–50,000 bricks per day [12]. De-
spite their substantially larger size and production (compared to clamp kilns) FCBTKs
are operated entirely manually, meaning that the molding and transport of bricks, the
maintenance and fueling of the fire, and the unloading is all done by human labor. Each
BTK in Afghanistan typically employs between 30 and 220 workers [7] depending on
its size.

1.2. Impact of the Brick Making Industry

Artisanal brick making is a labor-intensive industry, with strenuous and potentially
hazardous work conditions. Kiln-related work has been linked to respiratory and lung
diseases due to the particulate and gaseous emissions [4,10] and cardiovascular disease,
musculoskeletal stress, and other health issues [10]. In Afghanistan the brick making
workforce is made up primarily of bonded and forced labor including child labor [4,7]. The
difficult working conditions, physical demands, and low profit-margin make it difficult to
retain workers. Throughout Central Asia, brick kiln workers constitute one of the poorest
and weakest sections of rural society and owners use a system of cash advances and loans
that indebts laborers and their families to the kiln owner [13]. In these situations, both
children and adults can work over 70 or more hours per week making bricks or working in
the kiln [7]. This system of bonded labor is perpetuated through poverty, isolation, lack of
other employment opportunities, and inheritance of parental debt [7,14].

Brick kilns also have a number of direct and indirect impacts on the environment
through heat pollution, air pollution, clay quarrying, and groundwater use [15,16]. Due in
part to the artisanal nature of the industry and in part to its rapid growth, there is minimal
governmental oversight regarding emissions from the brick making industry [16]. Each
brick kiln generates a significant amount of particulate matter that is expelled into the lower
atmosphere by the kiln ventilation stacks [10]. These emitted particulates consist of very
fine coal and dust particles, organic matter, and trace gases such as sulfur dioxide (SO2),
nitrogen oxides (namely nitric oxide (NO) and nitrogen dioxide (NO2), hydrogen sulfide
(H2S), and carbon monoxide (CO) [16]. These emissions have significant and adverse
effects on human health [4], and their wider impacts include reduced crop productivity,
contamination of harvested crops, and decreased soil quality and productivity [8,17].
Quarrying the clay/silt material for brick production is done locally near the kilns and
the topsoil is stripped from the area and the clay/silt material is either dug by hand or
removed with the assistance of light machinery. This creates a barren landscape that can
no longer be used for agriculture or livestock, and which is at increased risk of erosion and
flooding [4].

2. Study Area

The study area, shown in Figure 1, encompasses the city, and much of the district of
Kabul, Afghanistan, as well as parts of the surrounding districts of Shakardara, Dih Sabz,
Paghman, and Bagrami. Located in eastern Afghanistan, this region has an arid continental
climate, with cold dry winters, comparatively wet springs, and warm dry summers. It sits
in the middle of the Kabul basin, a broad flat area bordered by the Paghman mountain
range to the west and the Koh-i-Sofe mountain range to the east. The land is drained
primarily by the Kabul River (Kabul Rud), which meanders gently to the east before cutting
a deep gorge through the southern part of the Koh-i-Sofe. While the Kabul geologic massif
reaches a topographic high above 2000 m in the Koh-i-Sofe range, the Kabul basin in the
western half of the massif is situated at around 1700–1800 m.
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Figure 1. Study area map. Terrain modeled from Advanced Land Observation Satellite (ALOS) Global Digital Surface
Model—30 m. Other basemap data available at https://afghanistan.cr.usgs.gov/geospatial-reference-datasets, accessed on
3 March 2021.

While the Kabul massif is comprised of multiple geologic formations, the general
geologic framework of the Kabul basin is of a crystalline continental basement overlain by
Permian to Jurassic marine platform-carbonates, covered by Pleistocene to Holocene aged
surficial sedimentary deposits. Figure 2 shows the Neogene and Quaternary geologic units
of the study area, while Table 1 provides the unit descriptions. A summary of the geology
of the Kabul basin relevant to this study is given below, while a complete review of the
geology of the Kabul region can be found in [18].

Accumulations of eolian desert loess are commonly found on mountain slopes, ridges,
flatlands, and valleys throughout the area. Principle among these deposits is the Neogene
aged Lataband Series, which consists of Miocene and Pliocene aeolian white silt, sand, and
clay (Nlfw) and a pale-grey well-rounded conglomerate (Nlc) visible along the banks of
the Kabul River. Quaternary eolian and alluvial materials are also present. These surficial
deposits are alluvium of various ages differentiated by the degree of dissection and surface
morphology present. Other relevant alluvial units (Qa3, Qa2, Qa1) are distributed more-
or-less continuously across the Kabul basin, where each unit is several meters above the
next younger unit. Anthropogenic quaternary units produced as a result of development
(man-made fill) and agricultural deposits, are also present throughout the study area,
though these have not been mapped in any detail.

https://afghanistan.cr.usgs.gov/geospatial-reference-datasets
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Table 1. Geologic units in the study area, adapted from [18].

Geologic Unit Description

Qa Agricultural and urban land (Holocene)—Areas where the density of human alteration of land precludes
determination of natural surficial character

Qa3 Young alluvium (Holocene and Pleistocene)—Alluvium in young, active channel bottoms

Qra River alluvium (Holocene and Pleistocene)—Flood plain deposits primarily along the Panjshir and Kabul Rivers

Qcr Colluvium and rock falls (Holocene and Pleistocene)—Young deposits on slopes that formed by erosion and
transport of material derived from upslope outcrops or by weathering in place of underlying rocks

Qas Alluvial sheet deposits (Holocene and Pleistocene)—Wide-spread slope deposits forming thin sheets; derived
from upslope outcrops

Ql Lakebed deposits (Holocene and Pleistocene)—Silt and clay deposited on the beds of intermittent lakes

Qa2

Intermediate alluvium (Pleistocene)—Alluvial deposits in channel bottoms and covering widespread parts of
larger valleys; generally from slightly dissected deposits that are a meter or two higher than adjacent river

alluvium (Qra) or young alluvium (Qa3)

Qa1
Early alluvium (Pleistocene)—Dissected alluvial deposits high on channel edges and preserved as isolated

bodies on ridges

Nlc
Conglomerate (Pliocene and Miocene)—Widespread conglomerate, as thick as 1 km in places. Clast size

diminishes from west to east in southern part of map; clasts of quartzite and dolomite derived from southwest
of the Chaman Fault are common

Nlfw White silt and sand (Pliocene and Miocene)—Widespread fine-grained deposits of silt, sand, and clay with
distinct white coloration. Probably wind-blown material.
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3. Methods

Analysis of the brick making industry in Kabul was conducted using several remote
sensing and geospatial methods, integrated with ground observation of the kiln environ-
ment and analysis of geologic maps.

3.1. Field Validation of Brick Kilns

Access to brick-making areas in Kabul is limited due to the informal or illicit nature
of the industry, hazardous site conditions and by conflict and security concerns. A field
mission in Kabul was conducted early in this study, from March to April 2004, to document
a baseline of land use and land cover of the study area including the presence and locations
of clay quarrying and brick kilns. As part of the field work, a reconnaissance helicopter
overflight was made on 4 April 2004 in a Bell 212 helicopter flying at 250 m height above
ground level (AGL). The timing of the overflight coincided with the beginning of the April–
October brick production season. Airborne videography, photographs, and coordinate
locations were recorded and are used to validate the location and types of brick kilns
observed in remote sensing imagery. Artisanal clamp kilns were evident in several areas
seen during this reconnaissance flight, as shown in Figure 3. This style of brick kiln is
shown in greater detail in Figure 4.
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Figure 3. Aerial views of artisanal clamp kilns in southern and southwestern Kabul, Afghanistan.
Photo was acquired during helicopter reconnaissance in 2004. Photographs by Peter Chirico, U.S.
Geological Survey. (a) clay quarrying occurs in close proximity to active clamp kilns, often near
cultivated fields; (b) artisanal clamp kiln under construction is located next to a previously dismantled
clamp kiln and a clamp kiln actively firing bricks (visible through the smoke) (c) artisanal clamp kilns
operating near Dasht-e-Barshi to the southwest of Kabul in 2004; active kilns are evident from clouds
of smoke.
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A second and more detailed ground observation of a kiln was conducted on 22 Novem-
ber 2019 at a FCBTK in Baghpat, Uttar Pradesh, India, where the working and surface
conditions are similar to those of Kabul, Afghanistan. Field observations and measure-
ments of a working kiln were facilitated by the kiln manager, with permission of the kiln
owner. Photos and measurements collected at this site, reviewed together with other open
source photos from kilns in Kabul (such as those presented in [7]), improved the accuracy
of satellite image interpretation. Satellite image interpretation of the FCBTK in Baghpat,
India was also conducted to validate the interpretation of kiln features, function, and layout
in this study (Figure 5). Detailed information gained in the kiln field visit combined with
information published by [7] enhanced the quality of analysis and conclusions that were
derived from remotely sensed image interpretation.

Brick preparation begins in the fields or other bare areas adjacent to the kiln. The day
prior to this work, the silty clay surface soil is turned over and sprayed with water to make
it pliable and increase cohesion. In some cases, an excavator is used to scrape the surface
layer of soil into piles. The excavation of this surficial material is shown in Figure 5, box a.
The soil material is molded into balls, which are then pressed into brick-shaped molds, as
shown in Figures 5 and 6, box b, where it sits for 24 h. The still-wet bricks are then removed
from the mold and left in the sun to air-dry for 2–5 days before they are stacked to continue
to dry. Workers, referred to as transporters, use donkey carts to move the sun-dried ‘green’
bricks to the kiln for baking (Figure 5, box c). These green bricks are stacked in the exterior
ring of the kiln (Figure 5, box c) and covered with a ‘ceiling’ of previously fired bricks and
loose dirt (Figure 5, box c and d). Small holes are left in this ceiling, through which coal
can be inserted between the brick stacks (Figure 5, box d). Ventilation tunnels (Figure 5,
box c) are built into the permanent structure of the kiln and linked to the central ventilation
stack (Figure 5, box e). This ventilation system maintains and regulates the temperature
of the fire, which also varies based on the proximity of coal to the bricks. While all bricks
shrink during the firing process, bricks exposed to uneven temperatures become irregularly
shaped and are ultimately of lower quality than a regularly shaped brick. Proximity to
the coal also changes the color of the brick: bricks immediately adjacent to coal will be
blackened and bricks further from the coal will be a tannish or reddish brown (Figure 5,
box f). These factors ultimately affect the quality and value of a brick.
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Figure 5. Satellite image keyed to ground observations photos of brick kiln in Baghpat, Uttar Pradesh,
India. Photographs by Peter Chirico, U.S. Geological Survey and Sarah Bergstresser, Natural Systems
Analysts, Inc. under contract to the U.S. Geological Survey. (a) surficial soil is turned over and
quarried into piles, then wetted if necessary; (b) prepped soil material is then rolled into balls,
pressed into brick-shaped molds, and sun-dried; (c) green (unfired) bricks are stacked in the external
ring of the kiln around (permanent) ventilation tunnels linked to the central stack; (d) stacked bricks
are covered by loose dirt and previously fired bricks to seal heat into the kiln; small holes are left
open in this ‘ceiling,’ through which coal is inserted during firing; (e) fired bricks are stacked in the
foreground, person for scale, central ventilation stack visible in background; (f) brick color indicates
proximity to coal during firing.
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The procedure of adding coal to the stacks of bricks occurs in ‘block’ sections of the
kiln, which allows for controlled fire movement through the kiln. Fire burns in each block
for approximately 8 h before it is moved by draught to the next block. In this way, 3 blocks
can be fired per 24 h period. Each day, the bricks that were fired the previous day and have
cooled, are unloaded, and green bricks are re-added to the kiln. The production process,
from the molding of bricks, to air drying, to stacking the air-dried bricks in the kiln, to
firing them, and unloading generally requires approximately 35 days to complete (but
varies somewhat depending on the size of the kiln and number of workers). This timeline
is also affected by weather. Rainy, wet conditions can delay brick molding and likewise, if
it is cloudy, cool, or excessively humid, the air-drying period may take 10 days or more.

Approximately 50,000 bricks are produced during a 24 h period of firing 3 blocks. The
kiln observed in Baghpat, India produces approximately 60 lakh (or 6,000,000 bricks) per
year during its 4 months of operation between March and June. In Kabul, Afghanistan,
a typical kiln operates for 6–8 months of the year from spring through fall and produces
400,000 to 1,200,000 bricks per month [7].

3.2. Interpretation of Brick Kilns from Satellite Imagery

The brick-making industry in the greater Kabul region was quantified through manual
interpretation of very high-resolution imagery. The small spatial footprint and spectral
similarity of brick kilns to other surficial sediments and materials throughout the study
area reduces the accuracy of multispectral analysis of these features [19], and therefore
manual interpretation was found to be a more robust, effective, and accurate method to
analyze these features from different dates and sources of imagery. Interpretation was
conducted for 4 different years of very high-resolution satellite imagery [20]. The earliest
available high-resolution imagery for the region was collected by the KH-4a Corona J-1
mission in May of 1965. Due to intermittent acquisition of very high-resolution satellite
sensors, the next three dates are roughly 7 years apart, and it should be noted that multiple
image acquisition dates (shown in Table 2) were necessary to cover the study area for
several years of the analysis. The images used for analysis were acquired in September
2018, April–August 2011, and August 2004.

Table 2. Very high-resolution satellite imagery used in brick kiln interpretation.

Year Sensor Acquisition Date Image Type Spatial Resolution (XS, PAN)

1965 KH-4a Corona 1 May 1965 PAN B&W ~1.25 m

2004
Quickbird2 8 August 2004 MS, PAN 2.5 m, 0.5 m
Quickbird2 10 August 2004 MS, PAN 2.5 m, 0.5 m
Quickbird2 15 August 2004 MS, PAN 2.5 m, 0.5 m

2011

WorldView-2 15 August 2011 MS, PAN 1.85 m, 0.5 m
Quickbird2 6 April 2011 MS, PAN 2.5 m, 0.5 m
GeoEye01 3 July 2011 MS, PAN 1.85 m, 0.46 m

WorldView-2 14 April 2011 MS, PAN 1.85 m, 0.5 m

2018 WorldView-4 24 September 2018 MS, PAN 1.25 m, 0.5 m

Brick kiln features were identified and enumerated based on several visual inter-
pretation elements [20]. In visible wavelengths, kilns are reddish-brown or tan in color
and surrounded by, or adjacent to, the light tan areas of disturbed soil where the bricks
are molded and air-dried. Bricks are laid out or stacked when left to air dry, and these
appear as regularly spaced dark line patterns adjacent to the kiln. Two types of kilns were
interpreted in the study area: Bull’s Trench (both BTK and FCBTK) and intermittent clamp
kilns. BTKs and FCBTKs were observed ubiquitously to be oblong in shape, but some were
extremely elongated with rounded ends. The average length along the longest axis of these
kilns was 84 m, but they ranged from 48 m to 162 m. Other prominent visual cues include
the long, thin, rectangular shadow cast by one or more chimney features. These features
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may be located centrally on the kiln (FCBTK) or offset from the center of the kiln (BTK).
Intermittent clamp kilns were observed to be circular and significantly smaller than the
BTKs, averaging only 4.6 m in diameter. This style of kiln is typically tan in color, with a
dark circular central shadow indicating a prominent and wide central ventilation stack.
Examples of these two types of kiln features from satellite imagery are shown in Figure 7.
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Additional information regarding the status and activity observed of each kiln was
also recorded with each feature. Kiln status was interpreted based on the building extent
and apparent ‘fullness’ of the kiln. The presence of shadow within the annulus of the kiln
perimeter was interpreted as indication that the kiln was not completely filled with bricks
at that time. Thus, the status of a kiln could be: partially built (1), loading or unloading (2),
or full (3). The latter two of these usually (but not always) indicate that the kiln is operating.
The activity level was interpreted as either firing (1), inactive (2), or unclear (null), based
on the interpretation of smoke exiting the ventilation stack and the presence of piles of coal
or other fuel next to the kiln. Visibility of smoke coming from the stacks is not consistent in
all dates of imagery and for all parts of the study area, but where present was used as an
indication that the kiln was actively being fired. The presence of large piles or stacks of
dark-colored coal along the periphery of the kiln was also used as an indication of active
kiln firing. Finally, the length of each kiln (in meters) was measured to characterize its size.
The potential characteristics interpreted with each kiln are shown in Table 3.

The resultant kiln data [20] was analyzed together with information from [7] describing
the number of workers and production of kilns in the Deh Sabz region of Afghanistan.
While no detailed data is available describing the workforce and production of specific
kilns, [7] observed that BTKs in the Kabul region each employ between 30 and 220 people
and produce between 20,000 and 50,000 bricks per day depending on the size of the kiln.
Clamp kilns employ around 10 workers and produce approximately 10,000 per batch, with
roughly 2 batches produced per month [12]. This information was combined with 2018
observations regarding kiln length to estimate the production and number of workers of
each active BTK in the study area for 2018. The average production of these 2018 active
BTKs was then used to estimate production of active BTKs in 1965, 2004, and 2011 (years
for which kiln length was not observed). Brick production in the study area was compared
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to population growth in the Kabul region using the United Nations World Urbanization
Prospects estimates (https://population.un.org/wup/, accessed on 8 March 2021).

Table 3. Interpretation of kiln status and activity.

Attribute Values Description

Kiln style Bull’s Trench Interpreted based on an elongated, elliptical reddish-brown area, with one or two
large ventilation stack (indicated by shadows)

Intermittent, clamp (comparatively smaller) tan circular area with a large dark opening (shadow) in its the
center, surrounded by smooth tan area, and near dark irregularly shaped fuel piles.

Status 0—Clamp kiln Only clamp kilns with a chimney, interpreted as ‘completely constructed’
were recorded.

1—Partially Built Kiln is interpreted as not completely built based on a non-elliptical shape and
adjacent land use

2—loading/unloading Presence of a shadow inside the annulus of the kiln exterior wall suggests that
bricks are actively being added or removed.

3—full A smooth reddish-brown surface inside the perimeter of the kiln suggests that the
kiln is full of bricks, and that the kiln is active.

Activity 1—Active

Default value—It was assumed that kilns were active at some point during the
brick-making season if they were completely constructed; other interpretation

cues indicating a kiln was actively firing bricks at the time of image acquisition are
the presence of smoke or haze in the immediate vicinity of the kiln, together with

substantial amounts of dark-colored coal or other fuel source,

2—Inactive Empty kilns or those partially constructed were interpreted as inactive.

Size Measurement (m) Each kiln was measured (m) along the long axis; measurements were recorded to
1 decimal place

−999
Size attributed to clamp kilns, which were visibly consistent in size across the

study area. While not specifically measured for each kiln, these kilns were
approximately 4.5 m in diameter

3.3. Geospatial Analysis of Brick Making Areas

A variety of remote sensing and geospatial analyses were used to investigate clay
quarrying and brick-making areas, including band ratio multispectral analysis using Land-
sat 8 imagery, geologic analysis using archival and current geologic maps, and temporal
analysis of kiln spatial density and distribution.

3.3.1. Multispectral Analysis Using Landsat Imagery

Band ratio analysis was used to investigate the potential of multispectral identification
of brick-making areas, as well as to investigate the extent of surficial materials that could
be used in brick making. Band ratio analysis using near infrared (NIR) and shortwave
infrared (SWIR) has been shown to highlight areas of high clay content in soil [21–23]. A
Landsat 8 OLI/ TIRS image acquired on 13 June 2018 and atmospherically corrected by
USGS EROS using the coastal aerosol band and auxiliary climate data from MODIS (the
level 2, surface reflectance product) was used to investigate clay content in the study area.
The band ratio formula (1) was used to understand the distribution of clay minerals in
the study area, particularly with respect to their potential for brick-making. Clay band
ratio values were evaluated at kiln locations interpreted from very high-resolution satellite
imagery, as well as within the mapped extent of surficial geologic units.

BR = (L8B6 − L8B7)/(L8B6 + L8B7) (1)

https://population.un.org/wup/
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where:

BR = Band Ratio
L8B6 = Landsat 8 OLI, Band 6 (NIR wavelengths)
L8B7 = Landsat 8 OLI, Band 7 (SWIR wavelengths)

3.3.2. Geologic Analysis of Construction Mineral Resources

Unlike many of Afghanistan’s mineral resources, which are mined in remote locations
and transported long distances to be sold, construction and development resources such as
sand and gravel, construction stone, and clay are mined in the immediate vicinity of the
processing facility—in this case, the kiln. This means that kilns must be located in areas
where the surficial geology include significant amounts of clay or a combination of silt and
clay. In many cases, the exact mixture of these constituent parts is proprietary to each kiln
owner, however in general bricks are created from a mixture of fine-grained sediments
such as loess, silt and clay, and coarse-grained sediments such as sand.

Analysis of the surficial geologic sediments in the vicinity of brick kilns entailed com-
paring kiln locations for each year of observation to the geologic map units described in [18].
Additional information about the composition of brick-making soils was acquired through
integration of the hyperspectral analysis of surficial mineral composition conducted by [24].

3.3.3. Temporal Analysis of Kiln Spatial Density and Distribution

Kernel density analysis was used to quantify the number of kilns per square kilometer
using the location of the kilns observed in each successive date of imagery analyzed. The
kernel density analysis provides a spatial representation surface of the density of the kilns.
This density is then compared over time to analyze temporal changes.

4. Results

The number of brick kilns observed in the study area increased substantially over the
53-year period of observation from 303 kilns in 1965 to 625 in 2018. However, a substantial
number of kilns in each year were interpreted as inactive. In 1965 all 7 BTKs were active,
while in 2004 only 61.0% (122 of 2000 kilns) were active. This percentage of active kilns
dropped further in 2011 to 51.2% (230 of 449 BTKs), and in 2018 to 47.5% (276 of 581 BTKs).
The graph in Figure 8 shows the number of each type of kiln for each year of observation
and indicates the number of active and inactive BTKs for each year. Figure 9 shows the
location of these brick kilns in the study area compared to mapped geologic units.
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From the kiln data interpreted for 2018, it was found that active BTKs ranged in
length from 48 m to 162 m, with an average length of 85 m. The relationship between
each BTK’s length and the estimated number of workers it employs, and its monthly brick
production is shown in Figure 10. Using this relationship, the monthly production of each
2018 active kiln was estimated. Added together, the total monthly production of these
active kilns was estimated to be 197,015,000 bricks, with an average of 646,000 bricks per
kiln. Assuming that these kilns operated for 8 months of the year, this suggests that in 2018
BTKs in the study area employed an estimated 27,000 workers and produced 1.576 billion
bricks. It is also assumed that the 44 clamp kilns observed in 2018 were active, and that
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each employed 10 workers and produced 20,000 bricks per month (2 batches of 10,000).
Within the study area, this brings the total estimated workforce to nearly 27,500 persons,
and brick production to 1.579 billion bricks per year.
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Figure 10. Relationship between kiln length (m) observed in satellite imagery and the per kiln work force and production
values published in [7].

Although data regarding kiln length was not collected for 1965, 2004, or 2011, kiln
status and activity were observed for these years. By applying the 2018 average monthly
production per BTK to the count of BTKs in each of these years, the annual brick production
of the study area for prior years was estimated. In 1965, production was found to be
59.9 million, which increased to 82.4 million in 2004, and 1.223 billion in 2011.

Figure 11a describes the relationships of observed changes in kiln numbers over time.
Overall, there was a linear relationship in the total number of kilns (R2 = 0.993). This
linear relationship is explained by an exponential increase in BTKs (R2 = 0.995), offset by a
decrease in clamp kilns (second order polynomial relationship, R2 = 0.949). Despite the
linear nature of this increase in total kiln numbers, the transition from small clamp style
kilns to larger and more efficient BTKs in the early 2000s results in an exponential increase
in brick production (shown in Figure 11b). This trend matches the exponential growth of
Kabul’s population since the 1960s (Figure 11b) and suggests that population growth is a
significant factor driving brick demand among other factors.

In addition to the increase in the number of brick kilns, the spatial distribution and
density of kilns also changed substantially over the period of observation. Figure 12
shows the results of the kernel density analysis. Kilns in 1965 clustered in various areas of
development near the urban core of Kabul. However, by 2004 kilns had migrated out of the
Kabul district to the Dih Sabz district along the city’s north-eastern periphery. During this
time period, clusters of brick making began to spread to the southeast and west of Kabul.
After 2004, the brick-making industry shifted almost exclusively to the northeast of the city.
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The results of visual interpretation also point to the adoption of small-scale continuous
BTK technology over the artisanal intermittent clamp style kilns. Despite a small increase
between 1965 and 2004, over the 53 years covered by the study the number of clamp kilns
decreased from 296 to 44. Conversely, BTK style kilns increased during this same period
from 7 to 581. The graph in Figure 8 also shows the number of each type of kiln compared
to the total number of kilns for each year of observation. Other technological changes
in the brickmaking industry, such as the number of kiln ventilation stacks, were also
observed through visual interpretation. While the number of BTKs with 2 or more movable
ventilation stacks increased from 74 kilns (2004) to 171 kilns (2011), this diminished to only
16 kilns in 2018.

The results of multispectral band ratio analysis of clay quarrying and kiln areas are
shown for a small example of the study area in Figure 13, overlain by kiln locations (black
dot). Band ratio values in the study area ranged from 0.2 to 6.45, with an average of 1.14.
Summary statistics of the values observed at kiln locations and for surficial geologic units
in the study area are shown in Table 4.

Minerals 2021, 11, x FOR PEER REVIEW  18  of  23 
 

 

The results of multispectral band ratio analysis of clay quarrying and kiln areas are 

shown for a small example of the study area in Figure 13, overlain by kiln locations (black 

dot). Band ratio values in the study area ranged from 0.2 to 6.45, with an average of 1.14. 

Summary statistics of the values observed at kiln locations and for surficial geologic units 

in the study area are shown in Table 4. 

 

Figure 13. Area of detail showing the result of the clay band ratio analysis, overlain by kiln loca‐

tions (black points). 

Table 4. Summary statistics of clay band ratio values at kilns. 

–  – 

N (Kiln 

Count or   

Pixels) 

Min  Max  Mean  Std 

Kiln Style 

All  626  0.874  1.355  1.034  0.036 

BTK  582  0.874  1.355  1.030  0.033 

Clamp  44  1.048  1.220  1.085  0.035 

Surficial 

Geologic 

Units 

Qa3  2578  0.619  4.995  1.495  0.763 

Qa2  370,308  0.200  6.446  1.307  0.669 

Qa1  8847  0.501  3.868  1.002  0.168 

Qcr  56,115  0.433  4.158  0.920  0.177 

 

Qra  1866  0.679  3.902  1.293  0.412 

Nlc  44,081  0.503  3.134  0.970  0.117 

Nlfw  333,920  0.353  4.902  1.120  0.435 

Figure 13. Area of detail showing the result of the clay band ratio analysis, overlain by kiln locations
(black points).

In general, clay band ratio values observed at kiln locations were low compared to
those observed in nearby agricultural areas (both vegetated and fallow), and higher clay
band ratio values were observed at BTK kilns than at clamp kilns. The Holocene alluvial
unit (Qa2) was found to have the highest maximum band ratio value at 6.45, which matches
the maximum band ratio value for the study area. The younger alluvial unit (Qa3) was
found to have the second highest maximum value at 5.00, and the highest mean value at
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1.49. In general, the band ratio values of these young alluvial sediments were somewhat
higher than the values of the conglomerate and wind-blown silts of the Lataband geologic
units (Nlc and Nlfw). Addressing the latter observation—that higher clay band ratio values
were observed at BTKs—it is possible that the transition of BTKs away from the immediate
constructions demand in the city necessitated a certain caliber of raw materials. Thus, the
different band ratio values observed at the different kiln types may be partially an artifact
of development and workforce trends in Kabul.

Table 4. Summary statistics of clay band ratio values at kilns.

– – N (Kiln Count or Pixels) Min Max Mean Std

Kiln Style
All 626 0.874 1.355 1.034 0.036

BTK 582 0.874 1.355 1.030 0.033
Clamp 44 1.048 1.220 1.085 0.035

Surficial
Geologic

Units

Qa3 2578 0.619 4.995 1.495 0.763
Qa2 370,308 0.200 6.446 1.307 0.669
Qa1 8847 0.501 3.868 1.002 0.168
Qcr 56,115 0.433 4.158 0.920 0.177
Qra 1866 0.679 3.902 1.293 0.412
Nlc 44,081 0.503 3.134 0.970 0.117

Nlfw 333,920 0.353 4.902 1.120 0.435

Brick kilns were located in several geologic units in the Kabul basin, including Qa1,
Qa2, Qa3, Qcr, Nlc, and Nlfw. The graph in Figure 14 shows, for each type of kiln, the
number of kilns in each geologic unit. Kiln locations are shown mapped with geologic units
in Figure 9. The description of each of these units is shown in Table 4, adapted from [18].
While the landscape position and composition of these units varies, they are almost all
(with the exception of the biotite schist) Paleogene to Quaternary in age and primarily
composed of sediments derived from alluvial or aeolian processes. The majority of kilns for
all years of observation were located in alluvial deposit areas (Qa2) or wind-blown silt and
sand (loess deposits; Nlfw). Detailed spatial analysis of the location of artisanal intermittent
clamp style kilns compared to BTKs revealed that the latter are located almost exclusively
within the wind-blown silt deposits the northeast of Kabul, while the clamp kilns are found
in a variety of different units the majority are located within alluvial deposits (Qa2).
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Hyperspectral analysis conducted by [23] indicates a difference in the mineral compo-
sition of the alluvial and loess units. The alluvial deposits (Qa2) described by [18] in the
southwest part of Kabul include a mixture of calcite and clay/muscovite with substantial
amounts of montmorillonite, muscovite, and illite. The composition of other parts of this
unit to the east of Kabul near Bagrami, where clamp kilns were observed in 2004 imagery,
indicate a mixture of primarily calcite with calcite and clay/muscovite. By comparison, the
composition of the wind-blown silt (Nlfw) supporting the BTKs to the northeast of Kabul
includes more muscovite and illite with the calcite and clay/muscovite mixture.

5. Discussion

The clay quarrying and brick making industry is growing substantially in the Kabul
region in response to the rapid reconstruction and urbanization. Kabul has experienced
rapid population increase in recent years due to the return of refugees, rural to urban
in-migration, increased business and work opportunities, and the international investment
and spending in the region [3]. The substantial increase in the number of kilns observed in
the region between 2004 and 2018 is evidence of the development and growth in the city.
The labor force employed by these kilns is considerable and has been growing. In 2018
there were 587 BTKs and 44 clamp kilns operating in Kabul. Each of the BTK kilns employs
between 30 and 220 people [7] while approximately 10 people are needed to operate an
artisanal clamp kiln. Based upon the number and sizes of kilns identified in 2018 and
the values observed by [7], the labor force of the brick making industry in Kabul can be
estimated at approximately 27,500 workers. BTKs produce 20,000–50,000 bricks per day
and clamp kilns produce approximately 10,000 per batch [12]. Based upon the number and
sizes of kilns identified in 2018 and these production values, the 2018 brick production of
the Kabul area is estimated to be over 1.579 billion bricks per year.

Multiple changes in the brick making industry were observed during this study. The
change from intermittent clamp style kilns to BTKs is one indicator of the increased demand
for bricks in the greater Kabul area. While the intermittent clamp style kilns at one time
were capable of providing the necessary bricks for new structures, in the face of the recent
rapid development the improved efficiency of the BTK style kiln has led to its almost
universal adoption. This demand-driven technological change is evident from the similar
exponential increase of the brick production in time with exponential population increase
(Figure 11b). Thus, while the total number of brick kilns (clamp and BTK) has increased
linearly (Figure 11a), brick supply has been able to meet the exponentially increasing
demand. The transition of BTKs from multiple ventilation stacks to the more efficient single
central ventilation stack is further evidence of technological innovation in response to the
huge demand for bricks. This relatively recent shift in BTK technology is also beneficial for
the city of Kabul, which has severe air quality problems, because the improved draught of
the single central ventilation stack causes the kiln to burn hotter and reduces the emissions
and unburned fuel used in the kiln [8,10].

Shifts in the location of kilns and brick making throughout the greater Kabul region
are another point of interest revealed by this study. The BTKs observed in 2018 imagery are
located along the outer, north-eastern periphery of Kabul, in the Dih Sabz district. While
the development demands of Kabul have also shifted towards the outskirts of the city, such
development also continues far from the Dih Sabz district along the western and southern
fringes of the city. This suggests that proximity to development is not a major driver of
BTK location. These shifts in the distribution of kilns have serious implications for the
health of those living in the Dih Sabz district, as the increased density of brick kilns is likely
accompanied by increased pollution from airborne kiln particulate matter. This pollution
also potentially affects the productivity of agricultural fields in the vicinity.

In Kabul, a noteworthy factor in determining kiln location appears to be related to the
composition of surficial geologic units. The artisanal intermittent clamp kilns were located
primarily in areas underlain by alluvial deposits. Hyperspectral analysis of the area of
these units suggests that they contain predominantly clay/muscovite, with some areas also
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containing montmorillonite and illite. These clay components allowed for the adhesion
necessary for artisanal and small-batch brick making of the clamp kilns. While this analysis
does not indicate the substantial presence of ‘clay’ minerals underlying the locations of
newer BTKs, the wind-blown silt (loess) in these locations is suitable and perhaps superior
for brick making since hyperspectral analysis indicates the presence of illite, a type of
non-expanding clay that would aid in brick cohesion and be less likely to crack or break
during firing, in the surficial sediments near BTKs. The extent of these wind-blown silts in
the Dih Sabz region is extensive, suggesting the potential for additional expansion of the
already sprawling brick making area.

The finding that the surficial material mined for brick making in north-eastern Kabul
is not purely ‘clay’ partially explains the extreme difficulty in multispectral classification of
these quarrying and brick making areas [19] and the mixed results of band ratio analysis.
While the alluvial deposits (Qa2, Qa3, etc.) had higher band ratio values suggesting
higher clay content, these units occur in flat areas that have supported significant urban
development (Figure 10). Thus, while alluvial deposit sediments may have been excellent
for brick making, the expansion of neighborhoods and commercial space has eclipsed
the artisanal clamp style brick kilns in these areas. The increased prevalence of BTKs has
occurred primarily within the wind-blown silt deposit (Nlfw) to the northeast of the city.
As indicated by the lower band ratio values of this region, clay content in this area may
be lower. However, there is plenty of physical space for the expansive BTKs to occupy.
Moreover, demand for the space is low due to its aridity. The results of geologic and
hyperspectral analysis indicate that both the wind-blown silt and alluvial deposits contain
some amount of clay (specifically illite, montmorillonite, or muscovite/clay), however the
fine-grained silty material of the Nlfw dominates the spectral signature of the area of BTK
expansion. Thus, the clay absorption in the spectral signature of these surficial sediments is
muted and not useful for differentiating the excavation and brick making areas from nearby
agricultural areas and other areas devoid of vegetation. Moreover, the presence of moisture
in these surficial sediments of agricultural areas overrides the clay absorption feature in
their spectral signature, making the irrigated agricultural fields more prominent in band
ratio analysis than the immediately adjacent brick making areas (visible in Figure 13).
The band ratio values in this region may also be affected by un-examined factors such as
absorption of heavy-metals from nearby industrial and developed areas, which has been
shown to cause changes in the absorption of NIR and SWIR wavelengths [25].

6. Conclusions

This study investigated the expansion of the clay mining and brick making industry
over the 53-year period from 1965 to 2018 in Kabul, Afghanistan using a combination
of very high-resolution satellite image interpretation, multispectral and hyperspectral
satellite image analysis, and geospatial analysis. The results show that kilns have increased
exponentially in the region during this time period and shifted from locations close to
Kabul’s urban center to its northeastern outskirts in the Dih Sabz district. More importantly,
the industry has substantially changed from the primarily artisanal-scale brick making
ventures utilizing clamp style kilns to small-scale operations utilizing continuously firing
fixed chimney Bull’s Trench Kiln (FCBTK). Based on the number of kilns quantified in the
study area, it was estimated that the brick making sector in Kabul employs 27,500 workers
and produces 1.579 billion bricks per year.

Author Contributions: Conceptualization, J.D.D. and M.A.A.; methodology, J.D.D. and P.G.C.;
validation, K.M.B. and M.A.A.; formal analysis, J.D.D.; investigation, M.A.A.; writing—original
draft preparation, J.D.D. and M.A.A.; writing—review and editing, P.G.C.; visualization, J.D.D.; All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by an agreement between the United States Agency for Interna-
tional Development (USAID) and the U.S. Geological Survey (USGS), award number 72030618T00002.

Institutional Review Board Statement: Not applicable.



Minerals 2021, 11, 296 20 of 21

Informed Consent Statement: Not applicable.

Data Availability Statement: DeWitt, J.D., Chirico, P.G., Alessi, M.A., and Boston, K.M., 2021, Point
locations of brick kilns in Kabul, Afghanistan, derived from 1965, 2004, 2011, and 2018 satellite
imagery: U.S. Geological Survey data release, https://doi.org/10.5066/P9HMGGAM.

Acknowledgments: The authors would like to recognize Thomas Mack (internal reviewer USGS) for
valuable comments on an early version of the manuscript; Robert Stamm (USGS) for valuable review
and copy editing of the manuscript and data release; Sarah Bergstresser (NSA, Inc under contract to
the USGS) for field data collection in India; the Indian Ministry of Commerce and Industry and staff
of the Gem and Jewelry Export Promotion Council (GJEPC) for supporting field observations of a
working kiln; Dnyaneshwar Zitthal Nagulkar for translation and guidance during field observations;
Satish Kumar for explanation of Indian brick kiln operations; the 2 anonymous peer reviewers for
their thoughtful reviews and comments that helped improve the manuscript. Any use of trade,
firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Why Is There a War in Afghanistan? The Short, Medium, and Long Story. BBC News. 2020. Available online: https://www.bbc.

com/news/world-asia-49192495 (accessed on 8 March 2021).
2. ACLED. Armed Conflict Location and Event Data Project (ACLED) Codebook. Armed Conflict Location and Event Data Project. 2020.

Available online: https://acleddata.com/ (accessed on 8 March 2021).
3. CIA. The World Factbook 2020; Central Intelligence Agency: Washington, DC, USA, 2021.
4. Mitra, D.; Valette, D. Environment, Human Labour, and Animal Welfare-Unveiling the Full Picture of South. Asia’s Brick Kilns and

Building the Blocks for Change; International Labour Office, The Brooke Hospital for Animals and the Donkey Sanctuary: Geneva,
Switzerland, 2017; p. 64.

5. Fodde, E. Traditional Earthen Building Techniques in Central Asia. Int. J. Archit. Herit. 2009, 3, 145–168. [CrossRef]
6. Foody, G.; Ling, F.; Boyd, D.; Li, X.; Wardlaw, J. Earth Observation and Machine Learning to Meet Sustainable Development Goal

8.7: Mapping Sites Associated with Slavery from Space. Remote Sens. 2019, 11, 266. [CrossRef]
7. ILO. Buried in Bricks: Bonded Labour in Afghanistan, A Rapid Assessment of Bonded Labour in Brick Kilns in Afghanistan; International

Labour Organisation: Kabul, Afghanistan, 2011; p. 86.
8. Haack, B.N.; Khatiwada, G. Rice and Bricks: Environmental Issues and Mapping of the Unusual Crop Rotation Pattern in the

Kathmandu Valley, Nepal. Environ. Manag. 2007, 39, 774–782. [CrossRef] [PubMed]
9. Weyant, C.; Kumar, S.; Maithel, S.; Thompson, R.; Baum, E.; Floess, E.; Bond, T. Brick Kiln Measurement Guidelines: Emissions

and Energy Performance; Climate and Clean Air Coalition: Paris, France; University of Illinois Urbana-Champaign Civil. &
Environmental Engineering & Greentech Knowledge Solutions Pvt. Ltd.: Urbana, IL, USA, 2016.

10. Schmidt, C.W. Modernizing Artisanal Brick Kilns: A Global Need. Environ. Health Perspect. 2013, 121. [CrossRef] [PubMed]
11. Shakir, A.A.; Mohammed, A.A. Manufacturing of Bricks in the Past, in the Present and in the Future: A State of the Art Review.

Int. J. Adv. Appl. Sci. 2013, 2, 145–156. [CrossRef]
12. Maithel, S.; Kumar, S.; Lalchandani, D. Factsheets about Brick Kilns in South and South-East Asia; Greentech Knowledge Solutions:

New Dehli, India, 2014.
13. Gupta, J. Informal Labour in Brick Kilns: Need for Regulation. Econ. Political Wkly. 2003, 38, 3282–3292.
14. Ali, M.A.; Ali, M.V.; Abbas, F.; Chamberlain, J.M. Hidden Hazardous Child Labor as a Complex Human Rights Phenomenon:

A Case Study of Child Labor in Pakistan’s Brick-Making Industry. Cogent Soc. Sci. 2017, 3, 1369486. [CrossRef]
15. Ziaul, S.; Pal, S. Anthropogenic Heat Flux in English Bazar Town and Its Surroundings in West Bengal, India. Remote Sens. Appl.

Soc. Environ. 2018, 11, 151–160. [CrossRef]
16. Bhanarkar, A.D.; Gajghate, D.G.; Hasan, M.Z. Assessment of Air Pollution from Small Scale Industry. Environ. Monit. Assess.

2002, 80, 125–133. [CrossRef] [PubMed]
17. Suresh, R.; Kumar, S.; Mahtta, R.; Sharma, S. Emission Factors for Continuous Fixed Chimney Bull Trench Brick Kiln (FCBTK) in

India. Int. J. Adv. Eng. Manag. Sci. 2016, 2, 239494.
18. Bohannon, R.G. Geologic and Topographic Maps of the Kabul North 30′ × 60′ Quadrangle, Afghanistan; U.S. Geological Survey Scientific

Investigations Map; U.S. Geological Survey: Reston, VA, USA, 2010; p. 34; p. pamphlet, 2 map sheets, scale 1:100,000.
19. O’Pry, K.L.; DeWitt, J.D. Exploring the Limitations of Automated Classification and Feature Extraction: A Case Study Examining Clay

Kilns in North Kabul, Afghanistan; American Association of Geographers Annual Meeting, Poster Presentation: Washington, DC,
USA, 2019.

20. De Witt, J.D.; Chirico, P.G.; Alessi, M.A.; Boston, K.M. Point Locations of Brick Kilns in Kabul, Afghanistan, Derived from 1965, 2004,
2011, and 2018 Satellite Imagery; U.S. Geological Survey Data Release; U.S. Geological Survey: Reston, VA, USA, 2021. [CrossRef]

https://doi.org/10.5066/P9HMGGAM
https://www.bbc.com/news/world-asia-49192495
https://www.bbc.com/news/world-asia-49192495
https://acleddata.com/
http://doi.org/10.1080/15583050802279081
http://doi.org/10.3390/rs11030266
http://doi.org/10.1007/s00267-006-0167-0
http://www.ncbi.nlm.nih.gov/pubmed/17453278
http://doi.org/10.1289/ehp.121-a242
http://www.ncbi.nlm.nih.gov/pubmed/23907070
http://doi.org/10.11591/ijaas.v2i3.1751
http://doi.org/10.1080/23311886.2017.1369486
http://doi.org/10.1016/j.rsase.2018.06.003
http://doi.org/10.1023/A:1020636930033
http://www.ncbi.nlm.nih.gov/pubmed/12449320
http://doi.org/10.5066/P9HMGGAM


Minerals 2021, 11, 296 21 of 21

21. Goetz, A.; Billingsley, F.; Gillespie, A.; Abrams, M.; Squires, R.; Shoemaker, E.; Lucchitta, I.; Elston, D. Application of ERTS Images
and Image Processing to Regional Geologic Problems and Geologic Mapping in Northern Arizona; NASA Jet Propulsion Lab Technical
Report 32-1597; NASA Jet Propulsion Lab: Pasadena, CA, USA, 1975.

22. Tong, W.K. Introduction to Mineral. Exploration, 2nd ed.; Moon, C.J., Ed.; Blackwell: Malden, MA, USA, 2006; ISBN 978-1-4051-
1317-5.

23. Saadi, N.M.; Watanabe, K. Assessing Image Processing Techniques for Geological Mapping: A Case Study in Eljufra, Libya.
Geocarto Int. 2009, 24, 241–253. [CrossRef]

24. Kokaly, R.F.; King, T.V.V.; Hoefen, T.M.; Livo, K.E.; Giles, S.A.; Johnson, M.R. Hyperspectral Surface Materials Map of Quadrangle
3468, Chak-e Wardak-Siyahgird (510) and Kabul (510) Quadrangles, Afghanistan, Showing Carbonates, Phyllosilicates, Sulfates, Altered
Minerals, and Other Materials; U.S. Geological Survey Open-File Report 2013-1191-A; U.S. Geological Survey: Reston, VA, USA,
2013; p. 1; sheet, scale 1:250,000.

25. Yang, M.; Xu, Y.; Zhang, J.; Chen, H.; Liu, S.; Li, W.; Hao, Y. Near-Infrared Spectroscopic Study of Heavy-Metal-Contaminated
Loess Soils in Tongguan Gold Area, Central China. Minerals 2020, 10, 89. [CrossRef]

http://doi.org/10.1080/10106040802556199
http://doi.org/10.3390/min10020089

	Introduction 
	Background 
	Impact of the Brick Making Industry 

	Study Area 
	Methods 
	Field Validation of Brick Kilns 
	Interpretation of Brick Kilns from Satellite Imagery 
	Geospatial Analysis of Brick Making Areas 
	Multispectral Analysis Using Landsat Imagery 
	Geologic Analysis of Construction Mineral Resources 
	Temporal Analysis of Kiln Spatial Density and Distribution 


	Results 
	Discussion 
	Conclusions 
	References

