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a b s t r a c t

The rapidly increasing implementations of oilfield technologies such as horizontal wells and
multistage hydraulic fracturing, particularly in unconventional formations, have expanded the need
for fresh water in many oilfield locations. In the meantime, it is costly for services companies and
operators to properly dispose large volumes of produced water, generated annually at about 21
billion barrels in the United States alone. The high operating costs in obtaining fresh water and
dealing with produced water have motivated scientists and engineers, especially in recent years, to
use produced water in place of fresh water to formulate well treatment fluids. The objective of this
brief review is to provide a summary of the up-to-date technologies of reusing oilfield produced
water in preparations of a series of crosslinked fluids implemented mainly in hydraulic fracturing
operations. The crosslinked fluids formulated with produced water include borate- and metal-
crosslinked guar and derivatized guar fluids, as well as other types of crosslinked fluid systems
such as crosslinked synthetic polymer fluids and crosslinked derivatized cellulose fluids. The borate-
crosslinked guar fluids have been successfully formulated with produced water and used in oilfield
operations with bottomhole temperatures up to about 250 �F. The produced water sources involved
showed total dissolved solids (TDS) up to about 115,000 mg/L and hardness up to about 11,000 mg/L.
The metal-crosslinked guar fluids prepared with produced water were successfully used in wells at
bottomhole temperatures up to about 250 �F, with produced water TDS up to about 300,000 mg/L
and hardness up to about 44,000 mg/L. The Zr-crosslinked carboxymethyl hydroxypropyl guar
(CMHPG) fluids have been successfully made with produced water and implemented in operations
with bottomhole temperatures at about 250þ �F, with produced water TDS up to about 280,000 mg/
L and hardness up to about 91,000 mg/L. In most of the cases investigated, the produced water
involved was either untreated, or the treatments were minimum such as simple filtration without
significantly changing the concentrations of monovalent and divalent ions in the water. Due to the
compositional similarity (high salinity and hardness) between produced water and seawater,
crosslinked fluids formulated with seawater for offshore and onshore jobs were also included. The
crosslinked guar and derivatized guar fluids have been successfully formulated with seawater for
operations at bottomhole temperatures up to about 300 �F. Operating costs have been significantly
reduced when produced water or seawater is used to formulate fracturing fluids in place of fresh
water. With various challenges and limitations still existing, the paper emphasizes the needs for new
developments and further expansion of produced water reuse in oilfield operations.

Copyright © 2016, Southwest Petroleum University. Production and hosting by Elsevier B.V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the implementations of oilfield technologies such as
horizontal wells and multistage hydraulic fracturing in uncon-
ventional formations, demand for fresh water used in hydraulic
fracturing is going up continuously. The ever increasing demands
and rising cost of fresh water have motivated the industry to use
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less ideal water sources such as produced water in place of fresh
water in oilfield operations. Produced water is defined as the
water trapped in reservoir and produced along with oil and gas
fromwells in oilfield [1]. Produced water may also include other
types of low-quality water available in or near oilfield such as
flowback water [2e4] or surface water from rivers, lakes, ponds,
or wells [5]. Produced water shows various levels of total dis-
solved solids (TDS) that include inorganic salts, mostly chlorides
and sulfates of sodium, calcium, and magnesium, and water-
soluble organic matters in a given volume of water. Produced
water from some field locations can have TDS values as high as
about 400,000 mg/L [6]. As a comparison, typical seawater has
TDS at about 35,000 mg/L [7].

Though produced water reuse has been going on for some
years in the petroleum industry, fracturing fluids nowadays are
normally formulated with fresh water [8]. This is because high
levels of salinity and hardness in produced water can readily
pose difficult and costly challenges for a wide range of fracturing
fluid systems. Some companies mitigate the produced water
damage by removing significant percentages of divalent ions or
evenmost salts from produced water. However, it is usually cost-
prohibitive to treat high-TDS produced water to such an extent
that it can be directly used to formulate stable fracturing fluids
originally designed for fresh water. On the other hand, most of
the produced water generated in oilfield nowadays is not reused
but rather disposed of through, for example, injection in un-
derground disposal wells [3] that can be expensive, costing about
US$0.3e10 per barrel (bbl; 1 bbl ¼ 42 gallons or 159 L) [9].

Hydraulic fracturing is a stimulation treatment performed on
oil and gas wells to improve well productivity in low-
permeability reservoirs or damaged wells. In hydraulic frac-
turing, large volumes of fracturing fluids are pumped into the
wellbore with certain pumping rates. When the pressure
generated from the fluids exceeds the fracture pressure, forma-
tion rocks break down to form fractures into which fracturing
fluids are injected. Prepad and/or pad fluids without proppant
are usually pumped first to initiate and generate fracture ge-
ometries. Proppant-laden fracturing fluids are then injected after
the pad fluids to further increase fracture length and width.
Proppant particles are transported into the factures thus created.
Once the pumping is finished and the pumping pressure with-
draws, the fractures close onto the proppant pack, but are kept
open by the proppant for hydrocarbons to efficiently flow out.
After the fracturing process, the fracturing fluids are broken into
low-viscosity thin liquid by enzyme breakers or oxidative brea-
kers such as ammonium persulfate to flow back to the surface.
This way, the damage caused by the fracturing fluids to the for-
mation and proppant pack is minimized, and the proppant par-
ticles can stay behind in the fractures without flowing back as
the broken fluid is too thin now to carry the proppant out of the
fractures [10].

The initial hydraulic fracturing treatments were performed in
the 1940s with oil-based fluids consisting of gelled hydrocar-
bons. Water-based fracturing fluids started in the 1950s [11], and
have become the predominant type of hydraulic fracturing fluids
since then [12]. As water-based fracturing fluid systems are more
cost-effective, they become the safer alternatives to the oil-based
fluids. Water-based fluids typically include slickwater, linear
(uncrosslinked) fluids, and crosslinked fluids. Other types of
water-based fracturing fluids include viscoelastic surfactant
(VES) fluids [13,14]. An effective fracturing fluid should possess a
number of desired characteristics such as easy preparation, low
fluid loss, sufficient viscosity for proppant transport, low friction
pressure, sufficient shear resistance, low formation and proppant
pack damage, good reservoir compatibility, and reasonable cost,

etc. More comprehensive information can be found in a recent
review conducted by Al-Muntasheri [15] about the water-based
fracturing fluids over the last decade.

Slickwater is made up mostly of water, and typically contains
friction reducer such as acrylamide-based polymers and co-
polymers to reduce friction pressure in surface lines and well
casing during pumping. With low viscosity close to that of fresh
water, slickwater is usually pumped at high rates (>60 bpm) to
generate narrow fractures with low dosages of proppant, typi-
cally on the order of 0.25e1 ppa (pound per gallon added) [16].

Linear fluids are based on uncrosslinked solutions of poly-
mers such as guar, guar derivatives, cellulose, cellulose de-
rivatives, other polysaccharides such as xanthan or diutan, or
synthetic polymers. Most of the water-based fluids are formu-
lated with guar and guar derivatives [17]. Guar is a high molec-
ular weight polymer consisting of a mannose backbone and
galactose side chains, with the average molecular weight in the
range of about 200,000e2,000,000 Da [18]. Depending on the
polymer dosage, the viscosity of a linear fluid can be several
orders of magnitude higher than that of slickwater, possessing
therefore much better proppant suspension and transport
capability.

When a crosslinker, typically made of borate or metal com-
pounds such as zirconium (Zr) and titanium (Ti) compounds, is
added to a linear fluid, the crosslinking species form bonding
among polymer chains, resulting in a viscous crosslinked fluid
with enhanced gel viscosity and improved high temperature
stability. Compared with linear fluids, crosslinked fluids show
improved performance without increasing the polymer con-
centration. For example, crosslinked fluids have a larger capacity
to suspend and transport proppant particles than the corre-
sponding uncrosslinked fluids with the same polymer dosage.
The first patent on the borate-crosslinked guar fluids (US patent
3,058,909) was filed in 1957 and granted in 1962 [19]. Guar fluids
are still the most widely used fluids in fracturing operations due
to their low cost, performance flexibility, and shear stability
[15,20,21]. In the early 1970s, metal-crosslinked water-based
fracturing fluids were implemented for jobs at higher bottom-
hole temperatures. The most common metal crosslinkers are
based on the zirconium and titanium compounds. The metal
crosslinkers are usually complexes of zirconium or titaniumwith
certain organic ligands or chelators, such as zirconium ammo-
nium lactate, zirconium acetate, or titanium triethanolamine
[21].

Slickwater or hybrid fluid system is typically used to create
more complex fracture networks than conventionally used
crosslinked fluids [22,23]. However as mentioned earlier, due to
their intrinsic low viscosity, slickwater fluids have low capability
of proppant transportation and have to be pumped at high rates.
The high pumping rate in slickwater jobs can significantly
shorten the service lifetime of pumping equipment. To reduce
the equipment breakdown and to enhance the proppant trans-
port and placement, hybrid treatments are implemented so as to
maximize the benefits of both slickwater treatments and linear/
crosslinked fluid treatments for unconventional reservoirs.
During a hybrid treatment, slickwater injection is carried out first
to generate complex fracture networks, followed by linear and/or
crosslinked fluids with much better capability to transport and
place proppant. Such hybrid jobs have grown rapidly for hori-
zontal wells in unconventional formations in recent years [23].

The elevating costs of produced water disposal and fresh
water purchase have given oilfield services companies and op-
erators the motivation to reuse as much produced water as
possible, without the expensive treatments to the produced
water. More specifically, for hydraulic fracturing operations, the
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target is to have fracturing fluid systems that can be formulated
directly with produced water and, at the same time, possessing
comparable performances as the fluids prepared with fresh
water. In recent years, a number of fracturing fluid systems have
been formulated with high-TDS produced water and successfully
implemented in hydraulic fracturing jobs. Al-Muntasheri [15]
reviewed a number of produced water-based fracturing fluid
systems in his recent review paper on the water-based fracturing
fluids over the last decade. Built on this solid foundation, the
objective of this paper is to provide a concise overview of the
experiences and new developments in the produced water reuse
for preparations of crosslinked fracturing fluid systems,
including crosslinked guar fluids, crosslinked derivatized guar
fluids, crosslinked derivatized cellulose fluids, and crosslinked
synthetic polymer fluids. The crosslinkers involved in the paper
include borate and metal (mainly zirconium and titanium)
crosslinkers. Since seawater is compositionally similar to pro-
duced water, a quick review of seawater-based crosslinked fluid
systems is therefore presented as well.

2. Produced water

Mostly originated from the water trapped in reservoir, oilfield
produced water is usually produced along with oil and gas
throughout the entire production lifespan of production wells
[1]. As reservoir rock is usually of sedimentary origin, water
present at the time of rock genesis is trapped in the rock pores.
When the rock is sea-originated, the related produced water will
be saline as it comes from the ancient seawater [24]. Produced
water can also consist of the water previously injected into the
formations in operations such as water flooding. Produced water
may also include any other types of low-quality water such as
flowback water or surface water from rivers, lakes, ponds, or
wells in or near oilfield [2e5,25]. Flowback water is sometimes
defined as the fraction of the original fracturing fluid that flows
back after the treatment is done. As flowback water is often
mixed with produced water, it may not be easy to strictly sepa-
rate one from the other. With respect to the disposal and reuse
issues, it may not be necessary to distinguish between produced
water and flowback water [26], as flowback water is usually
managed in a manner similar to produced water in the petro-
leum industry. Flowback water can therefore be considered as a
subcategory of produced water [2e5].

Produced water shows various levels of salinity and hardness.
Salinity can be described by the TDS value that comprises inor-
ganic salts, mostly chlorides and sulfates of sodium, potassium,
calcium, and magnesium, and water-soluble organic matters in a
given volume of water. The TDS of produced water can range
from about 1000mg/L to 400,000mg/L [6]. Hardness is related to
the amount of divalent cations like calcium (Ca2þ) and magne-
sium (Mg2þ) ions dissolved in water. The water hardness can be
calculated as the total hardness as equivalent of calcium car-
bonate (CaCO3) (Eq. (1)) [27]:

Total hardness ðmg=L as CaCO3Þ
¼ 2:5

h
Ca2þ

i
þ 4:1

h
Mg2þ

i
(1)

where [Ca2þ] is the concentration of calcium ions in mg/L, and
[Mg2þ] is the concentration of magnesium ions in mg/L. Some
synthetic heavy brine like KCl brine has large TDS values due to
the high KCl concentration, but if it contains no divalent cations
like calcium or magnesium ions, the hardness values can be close
to zero. Most produced water samples contain both monovalent
and divalent cations, and therefore possess both TDS and

hardness values. Usually the higher the TDS value is in produced
water, the higher the hardness value.

Produced water properties can vary considerably depending
on the geographic location of oilfield, the geological host for-
mation, and the type of production wells. Even originating from
the same reservoir, produced water can have changing proper-
ties over time [4]. Produced water TDS values change with time
and field locations. For examples, produced water from Bakken
Formation has TDS at about 150,000e300,000 mg/L, while pro-
duced water from Permian Basin has TDS at about
20,000e300,000 mg/L, and produced water from Marcellus
Formation has TDS at about 20,000e100,000 mg/L [28]. In
Table 1 thewater analysis of a number of Bakken produced water
samples is included showing large TDS values [29e32]. Water
analysis of produced water from oilfield locations across the
world can be found in many petroleum industry literatures.

Large quantity of produced water is generated every year in
the world as the result of oilfield operations. It is estimated that
about 21 billion barrels of produced water is generated annually
in the United States alone in recent years [1]. 97% of this pro-
duced water is generated from onshore operations, and about 3%
(0.6 billion barrels) is generated fromoffshorewells [33]. In 2007,
the five USA states with the largest produced water volumes
were Texas (7.38 billion barrels), California (2.55 billion barrels),
Wyoming (2.36 billion barrels), Oklahoma (2.20 billion barrels),
and Kansas (1.24 billion barrels), respectively [1]. In Fig. 1, the
volumes of the produced water generated from these states were
illustrated. Most of the produced water generated in oilfield is
not reused, but instead disposed of. Injecting produced water in
disposal wells is the most common commercial disposal method,
and most produced water ends up being disposed of in this way
[3]. The disposal cost of produced water by injection method is
about US$0.3e10 per barrel [9]. There are more operating costs
than just the produced water disposal cost. When fresh water is
used in fracturing operations, the total cost can include the
acquisition cost of the fresh water, transportation cost to ship the
fresh water to the job sites, transportation cost to ship the
flowback water/produced water to the disposal facilities, and the
disposal cost of the flowback water/produced water. The total
water cost varies with different oilfield locations. For example, in
Permian Basin, the total water cost is about US$3e8 per barrel;
while in the Bakken play, the cost is about US$6e15 per barrel
[28]. In the USA, the total water cost is averaged at about
US$2e17 per barrel [34]. The operating costs mentioned above
can therefore be greatly reduced if produced water is reused in
place of fresh water.

However it is quite challenging to formulate stable well
treatment fluids directly with produced water, especially at

Table 1
Water analysis of some produced water samples from Bakken formation.

Produced water #1 [29] #2 [29] #3 [30] #4 [31] #5 [32]

pH 5.9 6.2 6.5 5.4 5.1
Total dissolved

solids [mg/L]
317,000 322,000 225,000 297,000 248,000

Total hardness as
CaCO3 [mg/L]

58,000 60,000 44,000 44,000 42,000

Boron [mg/L] 400 429 350 404 311
Calcium [mg/L] 21,150 21,860 14,000 15,575 14,750
Iron [mg/L] 154 208 50 e 109
Magnesium [mg/L] 1218 1374 2300 1154 1263
Potassium [mg/L] 7840 7151 5000 5769 512
Sodium [mg/L] 93,530 96,060 68,000 81,910 75,720
Chloride [mg/L] 190,000 192,500 135,000 194,000 154,000
Sulfate [mg/L] 138 106 200 0 580
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elevated temperatures, due to the damages related to the high
levels of salinity (i.e., TDS) and hardness in most produced water.
Most fracturing fluids originally prepared with fresh water may
show significantly lower performances, if not complete failure,
when salty and hard produced water is used, mainly because of
the viscosity-thinning effects of the ionic polymers in the pres-
ence of salts [35,36], and the competition for crosslinking with
the polymer chains between metal crosslinkers and the divalent
cations such as calcium ions in produced water [37]. Also the
presence of sulfates in produced water will increase the ten-
dency of the scale buildups such as barium sulfate (BaSO4) in the
formation when, for example, the barium-containing formation
brine mixes the produced water-based fracturing fluid. These
technical difficulties explain why most fracturing fluids nowa-
days are still formulated with fresh water, even though produced
water reusing has been going on for a number of years in the
industry. With innovative approaches and careful selections of
fluid additives, potential fluid issues caused by lowwater quality
and harsh downhole temperatures could be resolved or miti-
gated [38].

The produced water reusing technologies reviewed in this
paper involve only untreated produced water or minimally
treated produced water without significantly reducing its
monovalent and divalent ion concentrations. For example, pro-
duced water could be subjected to simple filtration techniques
like using filter bags [39] to remove suspended particles
approximately in the 0.5e50 mm range and reduce its total sus-
pended solids (TSS). In some cases, produced water might be
treated with electrocoagulation (EC) [40,41] to remove contam-
inants such as suspended solid particles, grease, and heavy
metals such as iron and zinc, but without significantly reducing
the monovalent and divalent ion concentrations in the water.

Produced water has been used to formulate a number of
fracturing fluid systems including slickwater, linear fluids, and
crosslinked fluids. Slickwater using salt-tolerant synthetic
polymer-based friction reducers can be readily formulated with
high-salinity water like produced water [31,42]. For linear fluids
like guar or derivatized guar fluids, as long as the water pH is
kept around or below neutral, the hydration of polymer in pro-
duced water is usually problem-free regardless of water quality.
At relatively low water pH, the inadvertent crosslinking of
polymer by boron species can be neglected even though pro-
duced water samples often naturally contain high levels of boron
[42]. Produced water has also been used to formulate crosslinked

fracturing fluid systems such as borate-crosslinked guar fluids,
Zr- or Ti-crosslinked guar fluids, Zr-crosslinked carboxymethyl
hydroxypropyl guar (CMHPG) fluids, Zr-crosslinked hydrox-
ypropyl guar (HPG) fluids, etc. With various challenges and
limitations still existing and waiting to be resolved, the produced
water-based crosslinked fracturing fluids will be the main topic
of this paper.

3. Crosslinked guar fluids formulated with produced water

Most of the gelled or crosslinked fracturing fluids are based
on guar and guar derivatives [17], of which borate-crosslinked
guar fluids are the most widely used fluids in fracturing opera-
tions likely due to the abundance and low cost of guar [20]. A
number of produced water-based borate-crosslinked guar frac-
turing fluids are shown below with selected examples of the
laboratory tests and oilfield deployments [29,36,43e49]. In
addition to borate crosslinkers, produced water-based guar
fluids can also be crosslinked with metal crosslinkers such as Zr
and Ti crosslinkers [29]. Some representative cases of laboratory
tests and field applications of produced water-based metal-
crosslinked guar fluids are included here as well [25,30].

3.1. Borate-crosslinked guar fluids

Borate-crosslinked guar fluids are the most commonly used
fluids for fracturing operations. The optimized condition for
crosslinking guar-borate fluids is under high pH environment
(fluid pH at about 8 or above) [20]. However, the divalent ions
present inwater sources such as calcium andmagnesium tend to
precipitate out with hydroxide ions under high pH conditions to
lower the fluid pH, which is one of the major concerns for using
produced water as the water source to prepare fracturing fluids.
At room temperature, the solubility product constant Ksp of
Ca(OH)2 is 4.68 � 10�6, and Ksp of Mg(OH)2 is 1.5 � 10�11 [50]. A
quick estimate shows that, as long as the fluid pH is kept below
about 9.2e9.3, no obvious calcium hydroxide or magnesium
hydroxide will precipitate out in the borate-crosslinked guar
fluid prepared with produced water. Therefore, maintaining the
fluid pH at about 8e9 for borate-crosslinked guar fluids should
make the fluids compatible with most produced water at about
200 �F or below without the need for scale inhibitors.

At bottomhole temperatures above ~200 �F, borate-
crosslinked guar fluids require more thermal stability, and
therefore higher fluid pH is needed. In order to achieve and
maintain the high fluid pH, buffers such as hydroxides, carbon-
ates, bicarbonates, and/or amines are used. When water with
high concentrations of divalent cations such as producedwater is
used to formulate the fluids, divalent cations like calcium and
magnesium ions will precipitate out at high fluid pH, which will
consume the buffers and lower the fluid pH, reducing the fluid
stability at high temperatures. For high-temperature wells above
about 200 �F, borate-crosslinked fluids, therefore, are often
limited to use with fresh water. Alternatively, to formulate
borate-crosslinked fluids with produced water that function
stably at elevated temperatures, additives such as scale inhibitors
can be added to produced water to mitigate scale formation by
sequestering/chelating scale-forming cations [45,46]. Produced
water has been studied in laboratories and used in a number of
oilfield locations to formulate borate-crosslinked guar fluids for
fracturing jobs at various temperatures [15,29,36,43e49]. In
some cases, novel fluid additives were added to produced water
for mitigating bacterial damage, discouraging scale formation, or
enhancing thermal stability, to name a few.

Fig. 1. Total USA produced water generated (in billion barrels) in 2007 by state,
including the five states with the largest produced water volumes [1].

L. Li et al. / Petroleum 2 (2016) 313e323316



Li et al. reported formulation of borate-crosslinked guar
fracturing fluids prepared with produced water [43]. In one
example, the producedwater used had TDS of about 42,000mg/L
and hardness of about 2000 mg/L. There existed bacteria in the
water, and during hydration, polymer like guar could be quickly
decomposed by the bacterial enzymes, resulting in poor viscosity
development in linear fluid. To mitigate the problem, zirconium
compounds, for example, zirconyl chloride (i.e., dichloro(oxo)
zirconium) was added to the water prior to polymer hydration to
disable bacterial enzymes, preventing the guar decomposition by
these enzymes. The borate-crosslinked guar prepared with the
zirconyl chloride-treated water showed viscosity over 250 cP (at
100 s�1 shear rate) for at least 2 h at 200 �F. The borate-
crosslinked guar fluids prepared with produced water were
used in the fracturing jobs involving 31 wells with bottomhole
temperature of about 130 �F in Elk Hills, California [44]. In these
jobs, the produced water used typically had TDS of about
34,000 mg/L and hardness of about 3200 mg/L. The zirconium
compound was added to the produced water prior to polymer
hydration to disable the bacterial enzymes and prevent guar
damage. By using produced water, more than US$1.5 million, or
about 10% of the operating cost was saved due to the savings in
clay stabilizer KCl, fresh water, etc.

In another case, borate-crosslinked guar fluids were prepared
with produced water having TDS of about 107,000 mg/L and
hardness of about 8900 mg/L [45]. The scale inhibitor was added
to the produced water to sequester scale-forming cationic ions
and discourage scale formation. With the scale inhibitor, the pH
of the borate-crosslinked guar fracturing fluids containing 25 ppt
(pound per thousand gallons) of guar went to about 10, with
viscosity over 300 cP (at 100 s�1 shear rate) for about 2 h at about
171 �F. As the comparison, when the scale inhibitor was not
applied, the fluid viscosity went below 100 cP in less than
30 min. With the scale inhibitor implemented, more than 200
fracturing stages were successfully pumped in Delaware basin,
West Texas.

Lopez et al. reported the use of a novel pH stabilizing agent to
mitigate the reaction between high-pH buffers used in their
borate-crosslinked guar fluids and divalent cations in produced
water. With the stabilizing agent, the borate-crosslinked guar
fluids formulated with produced water could remain stable at
250 �F or higher [46]. In one test, formulated with the produced
water having TDS of about 113,000 mg/L and hardness of about
11,000 mg/L, 40 ppt of guar, the pH stabilizing agent, the delayed

boron crosslinker, and other fluid additives, the crosslinked guar
fluid could stay above 500 cP (at 40 s�1 shear rate) for at least 1 h
at 246 �F as shown in Fig. 2, without generating scale precipitate
in the fluid. These fracturing fluids formulated with 100% pro-
duced water (TDS > 100,000 ppm) were pumped in West Texas.

In the Cerro Dragon oilfield of the Golfo San Jorge basin in
Argentina, over 700 fracturing stages were pumped from 2007 to
2010 using the borate-crosslinked guar fluids preparedwith local
produced water [47]. The compositions of the produced water
varied at different locations, with TDS ranging from below
300 mg/L to over 9000 mg/L. Most of the bottomhole tempera-
tures were around 180 �F or below. The borate-crosslinked guar
fluids formulated with produced water performed as expected in
these jobs. In an exemplary test at 180 �F, a borate-crosslinked
guar fluid with 30 ppt of guar showed a viscosity above
1200 cP (at 40 s�1 shear rate) for at least 2 h, when formulated
with the produced water having TDS at about 3200 mg/L and
hardness at about 450 mg/L.

A summary of the selected borate-crosslinked guar fracturing
fluid systems prepared with produced water mentioned in this
section is included in Table 2.

3.2. Metal-crosslinked guar fluids

In addition to borate crosslinkers, produced water-based guar
fluids can also be crosslinked with metal crosslinkers such as Zr
and Ti crosslinkers [29]. Unlike borate crosslinkers, metal
crosslinking can be effective and stable at relatively low fluid pH,
for example, below 7. This makes it possible for the produced
water-based fracturing fluids to be energizedwith CO2 that tends
to lower the fluid pH. Low fluid pH also reduces the scaling
tendency in themetal crosslinked fluids preparedwith produced
water with high concentrations of divalent cations such as cal-
cium and magnesium ions. Metal crosslinked fluids may suffer
shear damage when pumped at high flow rates. To mitigate the
potential shear damage, crosslinking can be delayed with
selected delay additives in metal crosslinked fluids. The tem-
perature evolution of a fracturing fluid in wellbore during
pumping can be predicted with the wellbore heat transfer model
[51]. Based on the model prediction, the fluid crosslinking delay
can be adjusted in the laboratory tests before fracturing jobs.

Li et al. reported the formulation of Ti-crosslinked guar frac-
turing fluids with produced water [25]. The produced water used
had TDS of about 34,000 mg/L and hardness of about 4700 mg/L.
The fluid stabilizer was added to the water prior to polymer
hydration to disable bacterial enzymes, thus preventing the guar
decomposition by these enzymes. The Ti-crosslinked guar fluids
prepared with the produced water and 40 ppt of guar showed
viscosity over 100 cP (at 100 s�1 shear rate) for about 100 min at
193 �F. These Ti-crosslinked guar fluids energized with CO2 were
successfully used in multistage fracturing jobs in a number of
wells in NewMexico, consisting of a total of 23 fracturing stages.
The well bottomhole temperature was about 197e225 �F.

A Zr-crosslinked guar fluid system prepared with produced
water from the Bakken formation was reported recently [30]. A
typical produced water sample had TDS of 225,000 mg/L and
hardness of 44,000 mg/L. In laboratory tests, the produced
water-based, Zr-crosslinked guar fluid formulated with 30 ppt of
guar stayed above 400 cP (at 40 s�1 shear rate) for about 1 h at
210 �F, as shown in Fig. 3. The fracturing operations with the
produced water-prepared fluids went successfully, resulting in
similar or better initial oil production when compared with the
offset wells fractured with the fresh water-based fluids.

Examples of the metal-crosslinked polysaccharide fluid sys-
tem prepared with produced water were also offered by

Fig. 2. Fluid viscosity (fitted curve) at 246 �F for the delayed boron-crosslinked guar
fluid prepared with produced water having TDS at about 113,000 mg/L [46].
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McMahon et al. [31,52] In one case, a Zr-crosslinked guar fluid
was prepared with 25 ppt of guar and untreated produced water
having TDS at about 296,000 mg/L and hardness at about
44,000 mg/L. In laboratory tests, the crosslinked fluid stayed
above 300 cP (at 100 s�1 shear rate) for about 100 min at about
210 �F [52]. In another case, a metal-crosslinked polysaccharide
fluid was prepared with the Bakken produced water having
similar TDS and hardness values. The metal in the crosslinker
was a group IV metal, likely Zr or Ti. The “inexpensive” poly-
saccharide gelling agent used was likely guar gum. In laboratory
tests, the crosslinked fluid stayed above 150 cP (at 100 s�1 shear
rate) for about 2 h at 240 �F. The wells treated with the produced
water-formulated, metal-crosslinked polysaccharide fluids
showed equivalent to better productions when compared with
the offset wells of the similar design [31].

A summary of the selected metal-crosslinked guar fracturing
fluids prepared with produced water mentioned in this section is
shown in Table 3.

4. Crosslinked derivatized guar fluids formulated with
produced water

Produced water has been used in laboratories and in field
locations to formulate crosslinked derivatized guar fluids for
hydraulic fracturing operations under various conditions
[32,38,47,49,53e55]. These fluids can be crosslinked with metal
crosslinkers such as Zr crosslinkers and Ti crosslinkers. Unlike
borate crosslinkers that require alkaline pH above about 8e9 to
crosslink, Zr and Ti crosslinkers can effectively crosslink deriv-
atized guar such as CMHPG and HPG at relatively low pH values
to give fluid stability at elevated bottomhole temperatures as
high as 300 �F or more. This also makes it possible for the fluids
to be energized with CO2 that tends to lower the fluid pH. Low
fluid pH, for example, below about 7 also reduces the scaling
tendency in the metal crosslinked fluids preparedwith produced
water with high concentrations of divalent cations such as cal-
cium and magnesium ions. A number of produced water-based
metal-crosslinked CMHPG and HPG fracturing fluids are shown
below with examples of the laboratory tests and field
applications.

4.1. Zr-crosslinked CMHPG fluids

A Zr-crosslinked CMHPG fracturing fluid system prepared
with produced water was reported by Huang et al. [53] The
produced water used was from an oilfield in San Juan, New
Mexico showing TDS of 23,000 mg/L and hardness of 420 mg/L.
The Zr-crosslinked CMHPG fluid formulated with the produced
water contained 30 ppt of CMHPG. The fluid showed good vis-
cosity at 145 �F, staying above 1200 cP (at about 40 s�1 shear
rate) for over 2 h. A gas well with bottomhole temperature of
145 �F was successfully treated with the Zr-crosslinked CMHPG
fluid foamed with CO2 at 70Q (Quality). After the fracturing, the
natural gas production of the well jumped to 100 thousand
standard cubic feet per day (MCFPD) from an average of 50
MCFPD before the treatment.

Another Zr-crosslinked CMHPG fracturing fluid system
formulated with produced water was reported by LeBas et al.
[54] Produced water from New Mexico oilfield had TDS at
268,000 mg/L and hardness at 91,000 mg/L. After the electro-
coagulation (EC) treatment, the TDS was 274,000 mg/L, and
hardness was 85,000 mg/L, showing no significant changes in
either monovalent or divalent ion concentrations. In the labo-
ratory tests, Zr-crosslinked CMHPG fluids were prepared with
the EC-treated produced water, using 30 ppt CMHPG. At 140 �F,
the fluid viscosity stayed above 500 cP (at 40 s�1 shear rate) for at
least 1 h. A total of 97 fracturing stages were carried out in New
Mexico using the Zr-crosslinked CMHPG fluids formulated with
the EC-treated produced water. With bottomhole temperature
around 140 �F, the loading of CMHPG was 30 ppt. Upon the
treatments, the initial production numbers were comparable to
those of the offset wells fractured using 2% KCl as the base fluid.
In some wells, both the production of gas and oil went up. In one
example, 2 weeks after the treatment, the gas production nearly
doubled.

Kakadjian et al. reported the fracturing jobs using produced
water-formulated crosslinked fluids including Zr-crosslinked
CMHPG fluids [49]. Over 400 fracturing stages in the Wolfcamp
Shale were done using untreated produced water with TDS of
42,000 mg/L and hardness of 1800 mg/L. The bottomhole static
temperature was 140e160 �F, and the Zr-crosslinked CMHPG
fluids were tested at 140 �F. The viscosity at 140 �F stayed for at
least 2 h above 1200 cP (at 40 s�1 shear rate) when the CMHPG
loading was 25 ppt, and above 600 cP (at 40 s�1 shear rate) when
the loading was 15 ppt for the Zr-crosslinked CMHPG fluids
prepared with the produced water. Some borated-crosslinked
guar fluids formulated with the produced water were also
implemented in the fracturing jobs.

In another case, Kakadjian et al. reported the fracturing jobs
in the Bakken formation using produced water-formulated Zr-
crosslinked CMHPG fluids [32]. A total of 52 fracturing stages

Table 2
Selected produced water-formulated borate-crosslinked guar fracturing fluids.

Guar loading
(ppt)

Bottomhole
temperature (�F)

Produced water
TDS (mg/L)

Produced water total
hardness (mg/L)

Produced water treatment Job outcomes References

~25 130 34,000 3200 Treated with fluid stabilizer ~10% reduction in operating cost [44]
25 171 107,000 8900 Treated with scale inhibitor >200 stages pumped [45]
40 246 113,000 11,000 Treated with pH stabilizing agent Jobs pumped [46]

Fig. 3. Fluid viscosity (fitted curve) at 210 �F for the Zr-crosslinked guar fluid
prepared with produced water having TDS at 225,000 mg/L [30].
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were finished using untreated produced water with TDS of
248,000 mg/L and hardness of 42,000 mg/L. The bottomhole
static temperature was 246 �F, and the produced water-
formulated, Zr-crosslinked CMHPG fluids were therefore tested
at 240e250 �F. The fluid viscosity stayed above 200 cP (at 40 s�1

shear rate) for at least 60min at 240 �F when the CMHPG loading
was 20 ppt. The viscosity also stayed above 200 cP (at 40 s�1

shear rate) for at least 60 min at 250 �F when the loading was
30 ppt. After eight weeks of production, thewell treated with the
produced water-formulated CMHPG fluids showed higher pro-
duction than the offset wells treated with the fresh water-
formulated, borate-crosslinked guar hybrid fluid systems.

A summary of the selected Zr-crosslinked CMHPG fracturing
fluids prepared with produced water mentioned in the section is
shown in Table 4.

4.2. Zr-crosslinked HPG fluids

Qu et al. reported a number of Zr-crosslinked HPG fluids
prepared with produced water [55]. In one example, a produced
water samplewith extremely high TDS at over 280,000 mg/L and
hardness at over 46,000 mg/L was used to formulate the Zr-
crosslinked HPG fluid containing 50 ppt of HPG and 2 gpt
(gallon per thousand gallons) of the Zr crosslinker. The fluid pH
was about 5.7 at room temperature. At 240 �F, the fluid viscosity
stayed above 300 cP (at 100 s�1 shear rate) for at least 90 min, as
shown in Fig. 4.

5. Crosslinked fluids formulated with other polymers or
undisclosed polymers in produced water

Produced water has also been used to prepare other types of
crosslinked fluids including crosslinked derivatized cellulose
fluids such as Zr-crosslinked carboxymethyl hydroxyethyl cel-
lulose (CMHEC) fluids [55e57]. Some crosslinked synthetic
polymer fluids were also successfully formulated with produced
water [5,58]. A number of produced water-based metal-cross-
linked polymer fluids are also included here [59e61]. The
chemical nature was not disclosed for the polymers, but they
might be some sorts of polysaccharides.

5.1. Zr-crosslinked CMHEC fluids

Zhou et al. reported the preparation of the Zr-crosslinked
CMHEC fluids with produced water having a TDS of

222,000 mg/L and a hardness of 43,000 mg/L [56,57]. With the
CMHEC loading of 40 ppt and the optimized Zr crosslinker dose,
the fluids showed viscosity above 500 cP (at 100 s�1 shear rate)
for over 2 h at 200 �F. The polymer could be fully hydrated in the
produced water within 3 min. The CMHEC fluids also had good
compatibility with common fluid additives, and were nearly
damage-free to proppant pack or formation.

In another example, a Zr-crosslinked CMHEC fluid prepared
with produced water was shown [55]. The produced water had a
TDS of over 210,000 mg/L and a hardness of over 43,000 mg/L.
The fluidwas formulatedwith 40 ppt of CMHEC and 1.4 gpt of the
Zr crosslinker, with a fluid pH at about 4.9 at room temperature.
The fluid viscosity at 200 �F stayed above 600 cP (at 100 s�1 shear
rate) for at least 2 h.

5.2. Crosslinked synthetic polymer fluids

Synthetic polymers used in oilfield operations include
acrylamide-based polymers and copolymers. For example,
partially hydrolyzed polyacrylamide is the most commonly used
friction reducer in slickwater jobs. The performance of partially
hydrolyzed polyacrylamide, however, could be compromised by
the salinity and hardness in water. To improve the salt tolerance
and thermal stability of the acrylamide polymers, copolymers of

Table 3
Selected produced water-formulated metal-crosslinked guar fracturing fluids.

Guar loading
(ppt)

Crosslinker Bottomhole
temperature (�F)

Produced water
TDS (mg/L)

Produced water
total hardness
(mg/L)

Produced water treatment Job outcomes References

40 Ti Up to 225 34,000 4700 Treated with fluid stabilizer 23 stages pumped [25]
30 Zr 210 225,000 44,000 Bag filtration (1 mm) Initial production � offset wells [30]
25 Zr 210 296,000 44,000 Untreated/minimally treated Pumped [52]

Table 4
Selected produced water-formulated Zr-crosslinked CMHPG fracturing fluids.

CMHPG loading
(ppt)

Bottomhole
temperature (�F)

Produced water
TDS (mg/L)

Produced water
total hardness (mg/L)

Produced water treatment Job outcomes References

30 145 23,000 420 Untreated Gas production doubled [53]
30 140 274,000 85,000 Electrocoagulation treated Production increased [54]
Up to 25 140e160 42,000 1800 Untreated Over 400 stages pumped [49]
20e30 246 248,000 42,000 Untreated Production > offset wells [32]

Fig. 4. Fluid viscosity (fitted curve) at 240 �F for the Zr-crosslinked HPG fluid
prepared with produced water having TDS at 280,000 mg/L [55].
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acrylamide and 2-acrylamido-2-methylpropane sulfonate
(AMPS) are used [8]. Alternatively, associative polymers or
hydrophobically modified polymers can be implemented to
mitigate higher TDS levels inwater. Associative polymers contain
both hydrophobic and hydrophilic moieties attached to the
polymer backbone [62]. Due to the amphiphilic structure in the
molecules, intermolecular or intramolecular associations may
form to enhance fluid performances. A couple of examples below
show that the associative polymer fluids performedwell inwater
with elevated TDS levels.

A fluid system reported by Gaillard et al. consisting of
acrylamide-based co- and ter-polymers functionalized with
monomers such as sodium acrylate, sodium acrylamido-tertiary-
butyl sulfonate (ATBS), and a customer-made surfactant mono-
mer [58]. These polymers had associative properties and resisted
high salinity in water. Fluid viscosity could be enhanced with
certain surfactants such as sodium dodecyl sulfate (SDS) or
crosslinkers such as zirconium compounds. The brine involved in
the tests had TDS of 33,000 mg/L, and hardness of 2400 mg/L.
The viscosity increased with the addition of selected surfactants,
which could be explained by the stronger interactions between
hydrophobic moieties among the three dimensional network as
well as the increase in the aggregation number of the micelles. In
one test at 212 �F, a ter-polymer fluid (at 5000 ppm dosage)
showed viscosity above 100 cP (at 170 s�1 shear rate) for over 2 h
when 250 ppm of SDS was used to associate with the polymers.
Without the application of SDS, the fluid viscosity dropped to
about 0 cP within 10 min under the same test conditions.

Gupta et al. reported an associative polymer-based fluid
system formulated with high-TDS produced water [5]. The fluids
were prepared with polyampholytes having both cationic and
anionic repeat groups. With the addition of the selected surfac-
tant, the polyampholytes formed the associative structure in
produced water with a minimum TDS of 150,000 ppm, resulting
in viscous fracturing fluids. The surfactant appeared to be an
important ingredient for generating fluid viscosity. When the
surfactant was not included in the fluids, the viscosity could drop
by about 10 times or more, compared with the similar fluids with
sufficient doses of the surfactant. The surfactant, therefore,
showed some sort of crosslinking or association function. When
the fluid was formulated with Bakken produced water with TDS
at 268,000 ppm and hardness at 51,000 ppm, 50 gpt of the
polymer, and 8 gpt of the surfactant, the resulting fluid viscosity
stayed above 125 cP (at 100 s�1 shear rate) for at least 2 h at
250 �F.

5.3. Other crosslinked fluid systems

A group of metal-crosslinked derivatized polysaccharide
fluids formulated with extremely salty and hard produced water
for high temperature applications were reported by Li et al.
[59,60] The produced water samples used in the tests had TDS up
to 320,000 mg/L, and hardness up to 89,000 mg/L. At 275 �F, the
fluid formulated with produced water stayed above 100 cP (at
100 s�1 shear rate) for about 80 min. At 250 �F, the fluid viscosity
stayed above 100 cP (at 100 s�1 shear rate) for about 120 min or
more. The fluid pH was adjusted to be around 5e6 at room
temperature, rendering a low scaling tendency. The proppant
pack conductivity test resulted in a regained perm of 89% at
250 �F, suggesting a low fluid damage to the proppant pack.

A fluid system based on the metal-crosslinked “alternative
viscosifying polymer” (AVP) was reported by Monreal et al. [61]
Without specifying the molecular structure, it was claimed that
the AVP had comparable performance as CMHPG, but more cost-
effective in high-TDS produced water. A fluid prepared with

produced water having TDS of 110,000 mg/L and hardness of
4600 mg/L, 25 ppt of the AVP, and 1 gpt of the crosslinker was
tested at 150 �F, showing a viscosity over 150 cP (at 100 s�1 shear
rate) for at least 90 min. The fluids showed optimal performance
when the pH was from 4.5 to 5.5.

6. Crosslinked fluids formulated with seawater

Compositionally, seawater can be considered a type of pro-
duced water with high levels of salinity and hardness. In fact, one
of the sources of produced water is the ancient seawater trapped
with the oil and gas in reservoir [24]. As reservoir rock was
mostly of sedimentary origin, water present at the time of rock
genesis was trapped in the rock pores. When the rock was sea-
originated, the trapped water would be saline seawater. Based
on the standard practice for the preparation of substitute ocean
water (ASTM D1141-98), a representative seawater sample may
have TDS of 35,000 mg/L, with 410 mg/L of calcium ions, and
1300 mg/L of magnesium ions. Except for the slightly higher
concentration of magnesium ions than most of the produced
water samples with TDS at around 35,000 mg/L, seawater be-
haves similarly to produced water when it comes to preparing
crosslinked well treatment fluids. In this sense, seawater can be
considered as a subcategory of produced water. A number of
crosslinked fluids have been formulated with seawater such as
borate-crosslinked guar and guar derivative fluids [63e69],
metal-crosslinked guar derivative fluids [70e72], and other un-
specified crosslinked fluid systems [73,74]. Due to the similarity
between the produced water-formulated fluids and seawater-
formulated fluids, only a brief sketch of some selected
seawater-based fluids will be included here.

The seawater-based fluid technologies reviewed in this paper
involve only untreated seawater or minimally treated seawater
without significantly reducing its monovalent and divalent ion
concentrations. For example, seawater could be subjected to
simple filtration techniques to remove suspended particles
approximately in the 0.5e50 mm range and reduce its total sus-
pended solids (TSS) [39].

6.1. Borate-crosslinked guar fluids

Borate-crosslinked guar fluids formulatedwith seawater have
been used for offshore operations, including hydraulic fracturing
and frac-and-pack jobs [25,63e65,75]. Borate-crosslinked guar
gels should have pH of about 8e9 and above to maintain the
crosslinking stability [20]. If the magnesium or calcium ions in
seawater precipitate out with the hydroxide anions, the fluid pH
will drop, thus destabilizing the borate-crosslinked fluids. As
long as the fluid pH is kept below about 9.2e9.3, no obvious
calcium hydroxide or magnesium hydroxide will precipitate out
in the borate-crosslinked guar fluid prepared using typical
seawater (containing about 410 mg/L of calcium ions, and
1300mg/L of magnesium ions) without scale inhibitors. The fluid
pH at about 8e9 in borate-crosslinked guar fluids should work
for the offshore jobs at about 200 �F or below [76].

Li et al. reported using seawater-based borate-crosslinked
guar fluids for fracturing jobs at offshore California [25]. The
seawater was pre-treated with the fluid stabilizer to mitigate the
bacterial enzyme damage to the guar during the polymer hy-
dration. The seawater-based borate-crosslinked guar fluids thus
prepared showed viscosity above 170 cP (at 100 s�1 shear rate) at
212 �F for about 2 h. The fluids were successfully used for the
offshore multistage fracturing operations with the bottomhole
temperatures at 190e210 �F. For a total of 21 fracturing jobs,
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savings of about US$1.2 million were realized by using seawater
in place of KCl brine.

For wells with higher bottomhole temperatures at 200e300þ
�F, high-temperature borate-crosslinked guar fluids can be
implemented. Tran et al. reported fracturing jobs at offshore
Vietnam using seawater-based borate-crosslinked guar delay
fluids for downhole temperatures at 174e284 �F [65]. The
seawater-based borate-crosslinked guar fluids showed viscosity
above 600 cP (at 100 s�1 shear rate) for over 2 h at 286 �F with
the guar loading of 40 ppt, as shown in Fig. 5. After the treat-
ments, the production reportedly increased by 65% compared
with the previous year. Borate-crosslinked guar fluids prepared
with seawater and 40 ppt of guar would likely require elevated
fluid pH to achieve high-temperature stability at around
280e290 �F. When formulated with seawater, scale inhibitors
may be needed to mitigate scale formation in such high-pH
borate-guar fluids.

6.2. Crosslinked guar derivative fluids

For offshore wells with bottomhole temperatures at
200e300þ �F, the choices of crosslinked fluids, in addition to the
high-temperature borate-crosslinked guar previously
mentioned, may include borate-crosslinked HPG, metal-
crosslinked HPG, metal-crosslinked CMHPG, etc., where the
metal crosslinkers are usually Ti or Zr compounds [76,77].

Seawater-based borate-crosslinked HPG fluids were imple-
mented for fracturing operations in the field at offshore Angola
as reported by Bagzis et al. [69] The fluids typically used 50 ppt of
HPG due to high bottomhole temperature at 280 �F. A high-
temperature encapsulated scale inhibitor was used to control
and mitigate scaling problems. In conjunction with a number of
fracturing treatment technologies, the fracturing jobs using the
borate-crosslinked HPG fluids improved oil production. The
initial production enhancement factors after the fracturing jobs
ranged between 1.25 and 1.40.

Seawater-based metal-crosslinked CMHPG fluids were
reportedly used in the horizontal multistage hydraulic fracturing
treatments in North Sea [70]. The fluid pH was adjusted to be
sufficiently low to mitigate the scale formation at the well
temperatures. This way, there was no need to use scale inhibitors
and deal with the stringent environmental regulations in the
North Sea. The seawater-based crosslinked CMHPG fluids

showed viscosity above 600 cP (at 100 s�1 shear rate) at 190 �F
for over 2 h in laboratory tests. Borate crosslinker was used
together with the metal crosslinker to give initial crosslinking
and viscosity. The successful implementation of the seawater-
based fluids saved both vessel and rig time as there was no
need for the vessel to sail back and forth to reload fresh water
from the port, which readily translated into reduced operating
costs.

7. Discussions and conclusions

A series of crosslinked fracturing fluid systems were suc-
cessfully prepared with produced water and implemented in
oilfield operations. The produced water-formulated fluids
worked well at different downhole temperatures and were
compatible with large variations in water TDS and hardness. By
using produced water in place of fresh water, operating costs
could be lowered due to the reduced cost of produced water
disposal, and due to the reduced usage of fresh water, clay sta-
bilizer, and other fluid additives. Producedwater reuse could also
help save the environment by mitigating the fresh water
shortage and by reducing produced water spills and contami-
nations. Seawater could be used as another source of mixing
water. Crosslinked fluids were also successfully formulated with
seawater and used in offshore and onshore operations. Using
seawater in oilfield jobs could save fresh water or artificial brine;
more importantly, it could reduce costly offshore rig time by
eliminating the non-productive waiting time for fresh water and
fluid additives to be transported from the port to the vessel.

This paper presents a brief review of a number of crosslinked
fracturing fluid systems prepared with produced water and
seawater. Based on the good performances obtained in labora-
tory tests, many of these fluid systems have been successfully
implemented in oilfield operations. The following major con-
clusions can be drawn.

1. The borate-crosslinked guar fluids have been successfully
formulated with produced water and used in oilfield opera-
tions at bottomhole temperatures up to ~250 �F, with the
produced water sources having TDS up to ~115,000 mg/L and
hardness up to ~11,000 mg/L.

2. The Zr- and Ti-crosslinked guar fluids prepared with pro-
duced water have been successfully used in wells at bot-
tomhole temperatures up to ~250 �F, with the producedwater
sources having TDS up to ~300,000 mg/L and hardness up to
~44,000 mg/L.

3. The Zr-crosslinked CMHPG fluids have been successfully
madewith produced water and implemented in operations at
bottomhole temperatures of over ~250 �F, with the produced
water used showing TDS up to ~280,000 mg/L and hardness
up to ~91,000 mg/L.

4. Several other crosslinked fluid systems have been success-
fully prepared with produced water including the crosslinked
synthetic polymer and crosslinked derivatized cellulose fluids
for temperatures up to ~300 �F.

5. The crosslinked guar and derivatized guar fluids have been
successfully formulatedwith seawater for offshore operations
at bottomhole temperatures up to ~300 �F.

6. Operating costs have been significantly reduced as produced
water or seawater is used in place of fresh water.
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