
Evaluation of the State of Degradation 
of Dead Sea Scroll Samples Using FT-IR Spectroscopy 

Michele Derrick 1 

The surface and interior of samples from the Dead Sea Scrolls 
were examined using an FT-IR and micro FT-IR to obtain information 
on the state of deterioration of the samples. In addition, this 
method provided information on non-proteinaceous materials in the 
samples that may have been added in the processing of the 
parchment. Detailed examination of the amide I and amide II 
absorbance band intensities and positions showed that collagen 
modification along with hydrolysis and oxidation had occurred in 
the samples. Non-proteinaceous materials identified in the samples 
were carbonates, silicates and alum. Micro-infrared analysis 
provided information on the sample cross-sections and the 
differences between the surface and the interior of the samples. 

IIITRODUCTIOR AND BACKGROUHD 

In 1988, the Getty Conservation Institute began a evaluation of 
the optimum storage and display conditions for the Dead Sea 
scrolls. After it was determined that controlling the environment 
is critical to the stabilization of severely degraded parchment 
samples, 1 several ·analytical methods were used by GCI to evaluate 
the state of degradation of scroll fragments. These included X-ray 
diffraction, liquid chromatography and infrared spectroscopy. 

Visually the scrolls exhibited a wide variation in states of 
degradation. The condition of the fragments removed for analysis 
ranged from 'poor' (fragile, brittle, dark-colored areas) to good 
(strong, intact, light-colored areas). Since initial infrared 
analysis survey indicated that the surface composition of the dark 
and light areas were chemically different, further work was carried 
out to elucidate information on the spectral differences and to 
obtain additional spectral analysis of a cross-section of each 
sample using infrared microspectrometry. The focus of this study 
was to use infrared spectroscopy to determine the state of 
deterioration of the samples and to locate and identify any non
proteinaceous materials in the samples. 

1 Getty Conservation Institute, 4 503 Glencoe Avenue, Marina del 
Rey, CA 90292. 
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sackgroupd 
The collective group of documents known as the Dead Sea scrolls 

were written on parchment, papyrus and copper scrolls. The 
parchment scrolls were prepared from the skin of sheep and goats 
about 2000 years ago. 2 The actual dates of preparation, 200 
B.C.E(before current era)-100 c.E.(current era), were confirmed by 
14c analysis at GCI3 and in Zurich. 4 

Ancient preparation techniques for parchment involved 
abrasively dehairing the skin and/ or using a vegetable matter, 
enzymatic dehairing bath. These baths often contained plant and 
vegetable matter mixed with animal fats, eggs, milk, wine, vinegar, 
urine and dung. Often minerals, such as alum (aluminum ammonium 
sulfate) and salt (sodium chloride) were added to the fermenting 
liquor or applied directly on the skins after removal from the 
baths. These minerals may have aided in the drying process. After 
removal from the baths, the skins were stretched tight-ly on a 
frame. While on the stretcher, the water was removed from the 
skins by scraping with a half-moon knife. After drying the skins 
were smoothed by abrasion, usually with pumice stones. 

The Palestinian Jews uniquely finished the parchment surface 
with small amounts of vegetable tannage or cedar oil. 5 Reed6 

showed by microscopic evaluation that when tannage agents are 
present, they are restricted to the outer grain and flesh layers. 
He identified gallic and ellagic acid in each by chromatographic 
analysis of the samples. These are constituents of vegetable 
tannins obtained from nutgalls, tree bark and other plant parts 
and, when combined, are commonly referred to as tannic acid. 

Parchment degradation 
Collagen is the primary component in parchment. Most of the 

putrefactive materials in animal skin (fats, blood, water, etc.) 
were removed during the parchment preparation leaving aligned 
collagen fibrils with interstitial mucopolysaccharides, glycol 
proteins and plasma proteins. 

There are three major degradation paths for collagen: 
denaturation, hydrolysis and oxidation. 7 All are irreversible. In 
denaturation, the collagen breakdowns to form gelatin. This occurs 
when th'e tropocollagen molecule, held in a triple helical structure 
via hydrogen bonds, becomes structurally disorganized or 
gelatinized due to the addition of heat or water.• Gelatin is an 
aqueous colloidal suspension of polypeptide chains and fragments of 
chains. Hydrolysis is pH and humidity dependent and results in the 
breakage of the peptide linkages forming amino acid end groups. 
oxidation of the peptide chain results in subsequent cross-linking 
and/or chain breakage depending on the position of the attack. 

A literature survey showed that the degree degradation of 
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parchment can be assessed by several methods, such as determining 
the collagen/gelatin ratio using IR 9•10 and XRD 7 , or measuring the 
water content 11 , sulfur content 12 or shrinkage temperature 13 as 
well as examining the racemization of D and L aspartic acid. 7 

EDBRIKBM'AL 

samples 

Nine Dead Sea scroll parchment samples were analyzed in two 
batches. Table 1 lists the samples and the type of analysis done. 
The samples consisted of small fragments removed from known 
scrolls. Additionally three types of modern parchment were 
analyzed as references. The samples were non-homogenous and varied 
significantly from point to point. Areas on the pieces ranged in 
color from a very dark brown to a light beige. The black, degraded 
areas were found to be soluble in water and have been described as 
"the ultimate decomposition ,:roduct of the animal membrane, in 
other words, a form of glue." 4 

Infrared Analysis - surfaces 

The surfaces of the samples were analyzed using an Attenuated 
Total Reflectance (ATR) attachment on a BioRad 15-E Fourier 
transform infrared (FT-IR) spectrophotometer. The FT-IR is purged 
with dry, CO2-free air and is equipped with a cryogenically-cooled, 
wide range·Mercury-Cadmium-Telluride (MCT} detector and a Motorola 
3280 computer. All spectra are the sum of 200 scans collected at 
a resolution of 4 cm·1 over the range of 4000-550 cm·1 • 

For each analysis, a small piece of the sample was placed in 
contact with a KRS-5 crystal in the ATR cell. All samples were 
analyzed with an incident beam of 55 degrees which results in a 
beam penetration depth of approximately 20 µm. Analyses were done 
on the front (skin side) and the back (flesh side) of each piece, 
the dark and light areas as well as the interior of one piece. 
Both sides gave similar results and the reported results in the 
paper are primarily from the front side of each piece (listed in 
Table 1). 

Infrared Analysis - cross-sections 

The cross-sections were analyzed by infrared mapping 
microspectrometry using a Spectra Tech IR Plan II microscope in a 
Perkin-Elmer 1760 FT-IR interfaced to a P-E Model 7700 data 
station. A cryogenically-cooled, narrow range MCT detector was 
used to collect 120 scans at 4 cm·1 resolution over a range of 4000-
700 cm·1 • 

Small pieces (5 nun x 1 nun) from each fragment were removed, 
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Table 1. Infrared spectral analysis results detailing band intenisies and 
positions which can provide an indication of the physical and chemical 
state of degradation of the sample. 

SAMPLE BAND POSITIONS INTENSITY DIFFERENCE 
1650 I 1550 RATIO IN cm·1 

Khirbit Hird 3;front 1635 1539 1.4 96 
Khirbit Hird 4:front 1635 1540 1.3 95 
Khirbit Hird 5;front 1635 1541 1.4 94 
cave IV, 9Al; back 1635 1539 1.3 96 
cave IV, 9A3; front 1652 1538 1.6 114 
Thanksgiving B-2;frt 1635 1541 1.4 96 
Isaiah (B); front 1635 1540 1.4 95 
Temple (B): front 1646 1537 1.6 l.09 
Genesis (C): front 1640 1538 1.4 l.02 
Italiano(Ref):back 1629 1541 1.1 88 
Stabilise(Ref);front 1635 1544 l.. 0 91 
Sheep (Ref): front 1631 l.540 1.1 90 

Table 2. Infrared spectral analysis results detailing the relative band 
intensity ratios of the non-proteinaceous or tanning materials found in 
each of the samples. Bands are ratiod to the amide I (l.650cm-t) protein 
band. nd=not detected, VS=very small, S=small, M=medium, L=large, VL=very 
large, --=not measured. 

SAMPLE 

Khirb.Hird 3: front 
Khirb.Hird 4: front 
Khirb.Hird 5: front 
Cave IV, 9Al: front 
Cave IV, 9A3: front 
Thanks. B-2: front 
Isaiah (B): front 
Temple (B): front 
Genesis (C): front 
Italiano(Ref):front 
Stabilise(Ref)front 
Sheep 

Bands used: 

(Ref): front 

protein= 
chalk 
talc 

= 
1650 

870 
= l.000 

600 alum = 

CARBONATE 

cm·1 

cm·1 

cm·1 

cm·1 

(Chalk) 

vs (0 .1) 
vs (0.1) 

s (0.2) 
L (1.2) 
L (1.6) 
nd 
nd 
vs (0 .1) 
nd-
VL (2.7) 

s (0.2) 
vs (0. 1) 
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SILICATES ALUM 
(Pumice,talc,dirt) 

M (1.1) s (0.2) 
M (1.1) s (0.2) 
M (1.3) s (0.3) 
L (2.6) nd 
L (2.8) nd 
s (0.7) nd 
M (1.0) nd 
M (1.7) M (0.7) 
M (1.2) nd 

nd nd 
s (0.5) nd 
s (0.6) nd 



embedded in a polyester/styrene media, then microtomed to obtain 10 
µm thick cross-section slices. The slices were placed on a BaF2 

window in the microscope for analysis by infrared transmitted 
light. Spectra were collected using an aperture of 40 x 400 µm 
selected using variable knife edge apertures at two focal points 
above and below the sample compartment. The window was then 
stepped across the width of the sample in 40 µm increments using a 
motorized mapping stage. This is referred to as a spectral map of 
the sample. A microphotograph was later taken, in normal and 
polarized light, for visual comparison of the spectra analysis. 

RESULTS 

Analysis of Dead sea scroll samples 

The samples were non-homogeneous, and the spectral results 
varied from area to area within a piece. Thus, while the results 
themselves are reproducible (determined by replicate analysis) and 
are characteristic of the area analyzed, they may not be 
representative of the entire scroll from which the piece came. 
This is particularly true since the samples were taken from the 
outer edges of the scrolls and the outer edges are more degraded 
that the interior portions. 7 However, since several samples were 
analyzed which cover a wide range of types, the total set of 
infrared results on these pieces are probably exemplary of many 
areas on the scrolls. 

All of the infrared spectra for outer surface of the fragments 
contained bands corresponding to proteinaceous and non
proteinaceous materials. The proteinaceous bands were examined for 
indications of collagen denaturation, hydrolysis and/or oxidation 
and the bands due to non-proteinaceous materials, were measured in 
proportion to the amide I bands in order to determine their 
relative concentrations. 

Infrared Analysis of Collagen and Gelatin 

A representative infrared spectrum for protein is shown in 
Figure 1, plotted from 2000 to 700 cm·1 • This figure contains an 
infrared spectrum for a parchment reference sample as well as a 
spectrum from a scroll fragment. Protein spectra are characterized 
by the following amide stretching and bending vibrations: 

Amide A . . . . . . . 3300 cm·1 . . . . . . . NH stretching 
Amide B . . . . . . . 3070 cm·1 . . . . . . . NH bending overtone 
Amide I . . . . . . . 1650 cm·1 . . . . . . . C=O stretching 
Amide II ....... 1550 cm·1 . . . . . . . NH bending, CN stretching 

Collagen denaturation to gelatin has been characterized using 
infrared spectrophotometry by Brodsky-Doyle et al. 9 , Susi et al. 10, 

and warren et al.is. These studies indicate that the most 
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Figure 1. Exemplary spectra for parchment samples from a modern reference sample and a 
2000 year old scroll fragment. Protein is characterized by the Amide I band (1650 cm·1) and 
the Amide II band (1550 cm·1). 
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noticeable change in the infrared spectra during denaturation in 
the amide II band shift from 1550 to 1530 cm·1 when the collagen 
helix is converted to the disordered form found in gelatin. This 
shift will correspond to an increase in the separation of the amide 
I and II bands at 1650 and 1550 cm·•. The reproducibility of band 
positions due to measurement error is +/-3 cm·1 • Thus the band 
position changes of greater than 6 cm·1 are significant. 

Hydrolysis of the polypeptide chain may occur in either the 
collagen or gelatin form. In the infrared spectra, hydrolysis 
would be apparent as an increase in the OH stretching or bending 
frequencies found at 3400 and 1650 cm·1 , respectively. Since the 
amide I band also occurs near 1650 cm·•, an increase in the OH band 
at 1650 would result in an increase in the absorption intensity or 
height of the amide I band. The can be seen in figure l by 
comparing the relative ab~orption intensities of the amide I band 
to that of the amide II. In the spectrum for the reference 
parchment sample, the two bands are close to the same intensity, 
while in the Isaiah scroll spectrum, the amide I band is much 
higher than the amide II. 

Oxidation of the polypeptide chain can result in the 
formation of carbonyl compounds which would absorb in the 1700 -
1750 wavenumber region. This can be seen as a slight shoulder on 
the amide I carbonyl band and may result in the increase in area of 
the amide I band. This study noted indications of oxidation in 
many of the samples but did not try to quantify it. Other methods, 
such as HPLC analysis of the amino acids, may be better for this 
purpose. 

Collagen 4eqradation 

Collagen degradation may occur via denaturation, hydrolysis or 
oxidation. The infrared spectra can be used to examine each of 
these processes individually. As presented earlier, the 
denaturation of collagen has been shown to be related to the 
absorbance band position shifts of the amide I and amide II 
stretches. Thus, in this study, each of these band positions were 
listed and the wavenumber difference between the two bands was then 
calculated for easy comparison of the separation between the two 
bands. Table 1 lists the values and figure 2 shows a plot of these 
differences. The reference parchment samples all had a band 
separation of 91 cm·1 or less. For the scroll samples, the 
separation was greater than 94 cm·1 • For three of the samples, the 
separation was greater than 100 cm·1 • 

For the examination of protein hydrolysis, the ratio of the 
amide I and amide II bands are plotted in figure 3. By using the 
relative ratio of the two bands, any intensity differences between 
spectra are normalized and are then comparable. The reference 
parchment samples were found to have a band intensity ratio of 1.0 
- 1.1, while the band intensity ratios of the scroll fragments 
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ranged from 1. 3 - 1. 6. All samples were analyzed in a dry 
atmosphere so the OH frequencies should be due to bound water 
rather than absorbed water. 

Figure 4 contains the combined results from the plots in 
figures 2 and 3 for the denaturation and hydrolysis of the samples. 
This combined plot exemplifies that the samples obtained from the 
Temple (B) and the cave IV 9A3 scrolls are the most degraded. The 
samples obtained from Khirbet Hird set are least degraded. None of 
the scroll fragments, however, are as good as the reference 
materials. 

The sample which was split open for the analysis of the 
interior was found to exhibit very few signs of degradation as well 
as no indication of inorganic materials. Thus, infrared 
microspectrometric analysis of the cross-sections were done to 
determine the depth of penetration of the degradation as well as 
the presence of other compounds. 

Infrared microspectroscopy showed some interesting trends. 
Specifically, the cross-section analysis showed that the 
degradation and inorganic components, found previously on the 
surface of the pieces, are not prevalent in the interior of the 
samples. Figure 5 shows an infrared spectral map of the cross
section from the cave IV 9A3 scroll. The variations in the spectra 
for the exterior and interior portions of the sample are clearly 
seen. Microphotographs for the same embedded cross-section are 
shown in photos 1 and 2 in normal and cross polarized light, 
respectively. Under cross-polarized light, the inorganic compounds 
in the sample exist only near the edges. However, the inorganic 
material appears to be embedded in the parchment rather than just 
as a surface encrustation. 

Bon-proteinaceous Materials 

Bands corresponding ·to non-proteinaceous materials or 
additives were found on the surface of all of the scroll samples. 
None were detected on the interior of the samples. Three 
compounds, carbonates (Co3·), silicates (pumice, talc or dirt) and 
alum (aluminum ammonium sulfate), were found as mixtures or 
individual components in the samples. Figure 6 shows a plot of the 
relative proportions of these materials found in the samples. The 
numeric value (found in Table 2), represents the ratio of the peak 
intensity of the inorganic compound versus the band intensity of 
the amide I band. This normalizes the variations in intensity 
between the different spectra. However, the proportions of one 
material to another, i.e. silicates to carbonates, cannot be 
compared because the absorbtivity of the two materials has not been 
measured. 

These three inorganic materials, possibly due to parchment 
preparation, were readily identifiable by sharp characteristic 
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Photo 1. Cross-section photo of sample from a Dead Sea Scroll (Cave IV 9A3) at 250 x 
under normal light. 
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Photo 2. Cross-section photo of same sample at 250x using crossed polarizers. 
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bands which were not obscured by other absorptions. There could be 
other compounds present in the samples which were in low 
concentrations or were obscured by other bands and were not 
identified such as the gallic and ellagic acid found by Reed 5 using 
chromatography. 

Alum, used in tawing parchment, was only found in the Khirbet 
Hird series and in the sample from the Temple scroll. Silicates, 
possibly pumice from use as an abrasive, was found in all of the 
exterior surfaces of the scroll pieces (except for the back side of 
the Thanksgiving scroll). carbonates, possibly used to fill pores 
or an abrasive, seemed either to be present in large amounts, as in 
the samples from Cave IV, or present in very small or non
detectable amounts, as in the remaining scroll samples. 

SUIIMARY 

The surface and interior of the samples were examined using an 
FT-IR and micro FT-IR to obtain information on the state of 
deterioration of the samples and the presence of non-proteinaceous 
materials. Infrared bands corresponding to both proteinaceous and 
non-proteinaceous materials were found on the surface of each 
scroll fragment. Detailed examination of the amide I and amide II 
protein band absorbance intensities and positions showed 
indications of collagen degradation in the samples. The dark areas 
of the samples were found to exhibit a higher degree of degradation 
than the light areas. Of the samples analyzed, the pieces from the 
Temple scroll and the Cave IV 9A3 scroll were found to be the most 
degraded. 

Non-proteinaceous materials which were identified in the 
samples were carbonates, silicates and alum. The samples all 
contained at least one of these; some samples (Khirbet hird) 
contained all three. The presence and quantity of these materials 
varied significantly from sample to sample which was not 
unexpected, since that ~amples may have been produced by several 
different groups over a time span of 300 years. Other organic 
tanning agents may have been present but in amounts too small to 
detect by infrared spectroscopy. 

Infrared mapping microspectrometry illustrated that the 
interior of the scroll cross-sections does not exhibit the 
degradation and inorganic compounds found on the exterior surfaces. 
It also showed that the characteristics of the samples obtained a 
few microns apart can vary significantly. Thus, the tiny, 
individual samples analyzed cannot be considered to represent the 
entire scroll from which it came. However, this study did provide 
an overview of the condition and the materials present in several 
samples, with the understanding that these results are probably 
typical of many areas on some of the scrolls. 
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