
����������
�������

Citation: Mustoe, G.E.; Dillhoff, T.A.

Mineralogy of Miocene Petrified

Wood from Central Washington State,

USA. Minerals 2022, 12, 131. https://

doi.org/10.3390/min12020131

Academic Editor: Gernot Nehrke

Received: 17 December 2021

Accepted: 19 January 2022

Published: 23 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Mineralogy of Miocene Petrified Wood from Central
Washington State, USA
George E. Mustoe 1,* and Thomas A. Dillhoff 2

1 Geology Department, Western Washington University, Bellingham, WA 98225, USA
2 Evolving Earth Foundation, P.O. Box 2090, Issaquah, WA 98207, USA; tdillhoff@evolvingearth.org
* Correspondence: mustoeg@wwu.edu

Abstract: Silicified wood occurs abundantly in Middle Miocene flows and sedimentary interbeds of
the Columbia River Basalt Group (CRBG) in central Washington State, USA. These fossil localities
are well-dated based on radiometric ages determined for the host lava. Paleoenvironments include
wood transported by lahars (Ginkgo Petrified Forest State Park), fluvial and palludal environments
(Saddle Mountain and Yakima Canyon fossil localities), and standing forests engulfed by advancing
lava (Yakima Ridge fossil forest). At all of these localities, the mineralogy of fossil wood is diverse,
with silica minerals that include opal-A, opal-CT, chalcedony, and macrocrystalline quartz. Some
specimens are composed of only a single form of silica; more commonly, specimens contain multiple
phases. Opal-A and Opal-CT often coexist. Some woods are mineralized only with chalcedony;
however, chalcedony and macrocrystalline quartz are common as minor constituents in opal wood.
In these specimens, crystalline silica filling fractures, rot pockets, and cell lumen may occur. These
occurrences are evidence that silicification occurred as a sequential process, where changes in the
geochemical environment or anatomical structures affected the precipitation of silica. Fossilization
typically began with precipitation of amorphous silica within cell walls, leaving cell lumen and
conductive vessels open. Diagenetic transformation of opal-A to opal-CT in fossil wood has long
been a widely accepted hypothesis; however, in opaline CRBG specimens, the two silica polymorphs
usually appear to have formed independently, e.g., woods in which cell walls are mineralized with
opal-A but in which lumen contain opal-CT. Similarly, opal-CT has been inferred to sometimes
transform to chalcedony; however, in CRBG, these mixed assemblages commonly resulted from
multiple mineralization episodes.

Keywords: petrified wood; opal-A; opal-CT; chalcedony; Columbia River Basalt Group

1. Introduction

Silicified wood has worldwide distributions. These tree remains have received con-
siderable attention from paleontologists who strive to understand the evolution of plant
communities, interpret paleoenvironments, and evaluate ancient climates. The mineralogi-
cal processes that result in wood petrifaction have long been studied by petrologists and
geochemists [1–19]; however, knowledge remains imperfect. In particular, the hypothesis
of silica permineralization, where intact cellular tissue is entombed within a silica matrix,
has been widely accepted despite a lack of supporting evidence [20].

One of the challenges for interpreting the fossilization process is that silicification of
wood may proceed by multiple pathways; evidence from one locality may not be applicable
to fossil woods from other deposits. A second complication comes from the difficulty in
making accurate mineral identifications based on limited analytical evidence. This study
involves the study of a diverse data set using a broad combination of methods. The results
show that the silicification of wood may be surprisingly complex. Silicified woods from
a single CRBG locality may contain silica in both crystalline and noncrystalline forms,
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these variations sometimes occurring within a single small specimen, or even within
adjacent cells.

The preservation of silicified tissue of woods engulfed by lava flows of the CRBG is
unusual because high magma temperatures commonly cause combustion of organic matter,
producing hollow molds. This process is well documented from modern observations of
basaltic flows of the Hawaiian Kilahuea volcano entering forested areas, and from tree
molds and lava casts that resulted from past eruptions. Lava tree moulds are found at
many volcanic areas in western USA [21]. As discussed later in this report, the preservation
of silicified tissue at CRBG sites is a result of water saturation of the wood from a variety of
causes. This moisture provided a high degree of thermal protection.

2. Geologic Setting

Fossil wood has been found at many locations within the middle Miocene Columbia
River Basalt Group (CRBG). This report focuses on four locations in central Washington
that span a Middle Miocene age range of ~1.1 Ma (Figures 1 and 2). These sites were
selected because their stratigraphic positions are known with reasonable certainty (Figure 3).
Equally important, the taphonomy of the silicified logs provides an indication of the
paleoenvironments for each of the four fossil wood localities. A principal goal of our
investigation was to study the mineralogy for woods that were preserved under differing
environmental conditions and geologic settings. These fossil woods were considered to
possibly provide an excellent opportunity for documenting possible mineral changes that
occurred during diagenesis. Finally, the research demonstrates the need for using multiple
analytical methods to study the mineralogy of silicified wood.

Middle Miocene forests in central Washington State existed at a time when basaltic
lava episodically inundated large areas of the inland Pacific Northwest. These outpourings
were related to the migration of a mantle plume along a northwestern path that sequentially
produced volcanic activity that began in northern Nevada and later extended across south-
eastern Oregon and Washington and western Idaho to reach its present location beneath
Yellowstone National Park in Wyoming [22–25]. Stacked lava flows of the Columbia River
Basalt Group (CRBG) cover ~210,000 km2 [6]. In total, 80% of this volcanic activity occurred
between 16.5 to 15.6 Ma, with the youngest flows dated at 6 Ma [26–28].

Sagebrush/bunchgrass steppe flora is presently characteristic of arid central Washing-
ton and Oregon; the Miocene paleoclimate was slightly cooler and more humid than today,
with significant summer rainfall [29]. Quiescent episodes between eruptive cycles allowed
the widespread establishment of temperate forests and local swamp habitats. Subsequent
eruptions buried tree remains from both environments; silica released from devitrification
of volcanic glass resulted in mineralization of ancient plant tissue that locally ranged from
seeds and small limbs to large logs.
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Figure 1. Fossil wood localities studied in this report. (1) Saddle Mountain. (2) Umtanum Canyon; 

(3) Gingko Petrified Forest State Park; (4) Yakima Ridge Fossil Forest. Base map modified from [26]. 
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Figure 3. Stratigraphic positions of fossil localities studied in this report. Modified from [30].

The use of silicified wood for the manufacture of arrow heads is evidence that Native
Americans were well-aware of fossil wood in central Washington [31]. By the late 1800′s,
Caucasian settlers likely observed the surficial abundance of petrified wood at some
localities; an early scientific description appeared in 1893 [32]. Notable discoveries were
made in 1927 by highway workers in the Vantage area. Now a Washington State Park,
Ginkgo Petrified Forest is the best-known location; however, fossil wood occurs at many
other locations in central Washington. Beck collectively referred to these localities as
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the Russell forests in commemoration of I.C. Russell’s pioneering geological work [33];
however, this terminology is now seldom used. In 1975 the Washington State Legislature
adopted petrified wood as the official state gem.

3. Locations Used in This Study
3.1. Ginkgo Petrified Forest

This location occurs in the arid hills west of the Columbia River (Figure 4A–C). In 1930,
Central Washington College of Education (now Central Washington University) geology
professor George F. Beck observed a man coming down from the hills near Vantage carrying
a large piece of petrified wood [34,35]. Beck and his students soon began to explore the
area. Their excavations yielded a multitude of specimens representing many species of
ancient trees, including the first known example of fossil Ginkgo wood. Beck became the
chief lobbyist for the preservation of the Vantage fossil forest, convincing the Washington
Legislature to buy a key 4-hectare (10 acre) parcel in 1935. Ginkgo Petrified Forest State
Park opened to the public in 1938. The present visitor center was built in 1953, and the
park’s land area was greatly expanded in 1975.
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Figure 4. Locations of fossil wood localities studied for this report. (A) Ginkgo Petrified Forest
State Park, looking east toward the Columbia River. (B) Contact between Vantage Formation lahar
sediments and the overlying Museum Flow. (C) Fossil logs on display at Ginkgo Petrified Forest
State Park visitor center. (D) Summit ridge of Saddle Mountain. (E) Yakima Canyon Umtanum Creek
locality. (F) Excavation site on hillside bordering Umtanum Creek. (G) Yakima Ridge Terrace Heights
locality showing contact between basalt flows and underlying lacustrine sediment. (H) Upright tree
trunks preserved in basalt at Terrace Heights.
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Because the fossil logs were typically buried in horizontal positions, Beck [36] assumed
that the petrified trees represented fluvially transported logs that had been transported into
an ancient lake, which he named Lake Vantage. The waterlogged wood was protected from
combustion when the lake basin was inundated by lava. This “rafted forest” hypothesis
was linked to the observation that the fossil wood predominantly consists of unrooted logs
that have been stripped of limbs and bark. The Lake Vantage interpretation was based
on the preservation of silicified logs in pillow basalts immediately above a fine-grained
sedimentary interbed known as the CRBG Vantage Member. The largest of these logs was
reported to be 2.75 min diameter [36].

More recently, the Vantage Member sediments have been interpreted as a lahar deposit,
where a regional volcanic eruption decimated hillslope forests to produce floating logs that
were transported to a lake that formed when the ancestral Columbia River was blocked by
lava flows. The floating logs subsequently became entombed within a lava flow [37,38],
where they were preserved as log rafts. Thousands of individual logs represent trees from
a variety of habitats, the greatest taxonomic diversity of all known CRBG petrified wood
localities. Taxa are a mix of hardwoods and softwood [33,39].

Beck made the first attempts at analyzing the taxonomy of fossil wood from the
Vantage area [33,34,36,40]; his research provided an important foundation for later stud-
ies [41–46].A recent reexamination of specimens from these earlier studies provided better
understanding of the geologic setting, paleoenvironment, and taxonomy of fossil wood
from deposits at Ginkgo Petrified Forest [47]. This work updated and expanded the earlier
publications and included wood types that had not previously been described. Currently,
the assemblage at Vantage is regarded as the single most diverse fossil wood locality from
the Miocene of North America.

The silicified logs comprise at least six gymnosperms and 34 angiosperms. Beck’s
unpublished field notes recorded that ~50% of the fossil logs represented upland conifers of
the Piceoxylon type. Lowland conifers (e.g., Cupressinoxylon and Taxodioxylon) are abundant.
Among the angiosperms, Ulmus (Elm) comprised ~20% of the logs. No other angiosperm
exceeded 5%; many taxa were present in only small amounts.The dominance of upland
conifer and the diversity of angiosperms are consistent with the lahar theory [37,38] where
a mudflow may have caused tree remains from a variety of habitats to accumulate in a
single deposit.

3.2. Saddle Mountain Fossil Locality

The Saddle Mountains extend as a 50 km long ridge, accessed by a network of unpaved
roads that branch from Highway 24 a few km east of the village of Mattawa [48] (Figure 4D).
Reidel [49] published a detailed geologic map of the Saddle Mountains. Topography is
shown on a 1965 topographic map [50]. The area has long been popular with fossil
wood collectors because much of the land area is publicly owned under the auspices of the
Bureau of Land Management, and recreational collecting is allowed. Basalt flows are mostly
obscured by alluvium; most fossil wood specimens have been discovered by hand-dug
excavations. Stratigraphic relationships are therefore difficult to ascertain. Silicified wood
occurs in an ash layer from a Cascade Range volcanic event, within a pillow lava/palagonite
zone that lies at the base of the Priest Rapids basalt flow. No scientific studies have been
done at this locality, which is one of the youngest known fossil wood occurrences in central
Washington, with an approximate age of 15 Ma. Like Ginkgo Petrified Forest fossil wood at
Saddle Mountain includes both gymnosperms and angiosperms; however, the diversity
of the flora remains unknown. The combination of stumps, logs, limbs, and forest litter is
very different from the taphonomic conditions present at Ginkgo Petrified Forest, which is
evidence that the Saddle Mountain fossil wood was derived from a standing forest rather
than represented transported material.
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3.3. Umtanum Canyon Fossil Locality

Fossil wood occurs at several locations on slopes bordering the Yakima River, south
of Ellensburg, WA. The best-known locality is at Umtanum Canyon, reached by crossing
the river on a pedestrian suspension bridge to reach a trail that follows the course of
Umtanum Cree (Figure 4E,F). Like Saddle Mountain, the BLM land has a long history
of public access. A road connecting between Ellensburg and Yakima was constructed in
the late 1800′s; a suspension bridge accessing Umtanum Canyon dates back more than a
century to construction of the railway line on the west bank of the Yakima River. Public
access to the area thus has a long history; however, there is no record of the first fossil wood
discoveries. Recreational collecting dates at least to the 1950′s, reaching great popularity by
the mid 1960′s.

Fossil logs at both the Saddle Mountain and Umtanum Canyon localities are typically
found in horizontal positions. At both sites, “bog wood” occurs where wood fragments
have been cemented together by silica in a wetland environment (Figure 5). Silicified wood
also occurs at locations in the Yakima Canyon area that are outside the topographic bound-
aries of the Umtanum Canyon locality. No studies have been made of these occurrences. In
this report, specimens from these outliers are cataloged with a YC-prefix. These samples
have diverse mineral compositions, but tend to have greater abundances of chalcedony
(Appendix A), suggesting that they come from strata that are not directly correlative with
the Umtanum Canyon strata.
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3.4. Yakima Ridge Fossil Forest

Two locations near the city of Yakima contain upright silicified trunks enclosed in a
basalt flow that overlies argillaceous sediment.

The Terrace Heights location was discovered in 2007 when a landowner found fossil
wood on his property on a hillside east of Yakima (Figure 4G,H). The other locality is a rock
quarry on Selah Butte, northeast of Yakima.

At Terrace Heights, excavations with heavy equipment revealed at least 150 silicified
trees that were preserved in upright position within a basalt flow underlain by a thick clay
layer (Figure 4G). Trunk diameters range from 7.5 cm to over 45 cm. Geochemical analysis
of the basalt places the flow within the Frenchman Spring Member of the Wanapum Basalt
Formations, with an approximate age of 15 Ma [51]. The property owner, who was a heavy
equipment operator by profession, rather quickly excavated all of the fossil trees, limiting
opportunities for scientific study. Photos of the in-situ trees taken soon after the discovery
were published in newspapers [52,53]. The only scientific examination was made after



Minerals 2022, 12, 131 8 of 32

most of the trunks had been excavated [51,54]. The preliminary interpretation was that the
locality represents a standing forest that colonized a dry lakebed. The trees were drowned
when the lake refilled and were then preserved when the area was subsequently inundated
by lava.The fossil trees represent hardwood forest, which is a contrast to other CRBG forest
assemblages where conifers are a common element. The most common taxa are Carya and
Ulmus (Elm), with minor amounts of Acer, Liquidambar, and Gleditsia.

Fossil wood at Selah Butte likewise represents hardwood forest. The taphonomy is
less evident than at Terrace Heights, because Selah Butte specimens come from a quarry
where the commercial goal is to produce rock for construction purposes, not extraction of
intact fossils. The paleoflora is comprised of angiosperms that include Ulmus, Liquidambar,
and Fraxinus. Selah Butte specimens commonly show charred exteriors that resulted
fromstanding trees becoming engulfed in magma (Figure 6).
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Figure 6. Yakima Ridge Selah Butte specimen SB-7. Opalized Fraxinus wood has carbonized outer
margin. (A) Fractured surface, as collected in the field. (B) Sawn cross-section. The shapes of the dark
areas suggest that the charring of the exterior surface was accompanied by diffusion of combustion
products into the interior region along small fissures.

4. Methods and Materials

Specimens used for this study came from research collections of the authors, supple-
mented by specimens borrowed from the University of Washington Burke Museum of
History and Culture, and supplemented by donations by other collectors.Petrographic
thin sections were prepared by Mustoe, using the conventional thickness of 30 µm. Pho-
tomicrographs were made using a Zeiss Pol petrographic microscope (ZEISS, Oberkochen,
Germany) equipped with an unbranded 5 megapixel CMOS digital camera (Oxford In-
struments, Oxfordshire, England). SEM images are from a Tescan Vega III SEM (TESCAN,
Brno, Czech Republic), using fractured wood fragments mounted to 1 cm diameter alu-
minum stubs using epoxy adhesive. A few specimens were etched for 60 s in 40% HF;
most were left in their natural state. Specimens were sputter coated with Pd to provide
electrical conductivity. X-ray diffraction patterns were obtained from packed powders
measured with a Rigaku MiniFlex diffractometer using Ni-filtered Cukα radiation (Rigaku,
Tokyo, Japan). Measurements were made over a range of 5◦–55◦ 2–θ, at a step scan of 0.02◦

at a 2◦/min scan rate. Density measurements were calculated by weighing samples using
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a Mettler analytical balance equipped with a hydrostatic weighing accessory [55]. These
laboratory facilities are all housed at Western Washington University.

Jones and Segnit [56] introduced a classification scheme that became the foundation for
later opal research. This classification divided opals into four categories: Opal-A, Opal-CT,
Opal-C, Opal-AN (hyalite).Opal-A comprises varieties that are highly disordered. Opal-C
has an incipient crystallinity of α-cristobalite with interlayered tridyite stacking. Opal-C
has the structure of well-ordered α-cristobalite. Opal-AN includes glassy-textured opals
(hyalite) that typically form in igneous rocks as a result of precipitation of silica from a
vapor phase. Flörke et al. [57] modified this classification, introducing the name Opal-AG to
include precious opal (closely packed silica microspheres) and potch opal (irregular packing
of silica microspheres).This classification has primarily been used in some investigations of
precious opal (e.g., [58]). We prefer the classification introduced by Jones and Segnit [56]
because it is more widely accepted.

Opal-A consists of submicrometer-sized silica spheres with diameters typically in
the range of 140–290 nm [59]; they are typically referred to as nanospheres. Opal-C and
opal-CT may occur as spherical aggregates, with diameters in the micron range. These are
described as lepispheres. This nomenclature is problematic for opal-A present in silicified
wood because this mineral commonly occurs as spherical aggregates with diameters of
several microns. In this report, we informally describe these opal-A features as microspheres.
The choice of analytical techniques requires consideration of the strengths and weaknesses
inherent in each method. SEM images of petrified wood are most likely to reveal anatomical
detail when tissues have not been fully mineralized, so that fracture surfaces reveal 3-
dimensional features. High magnification SEM images may reveal features that are not
evident with optical microscopy.

X-ray diffraction patterns may be useful for identifying minerals in fossil wood;
however, the method has limitations. Opal-CT results from incipient crystallization of
cristobalite interlayered with tridymite, producing recognizable diffraction patterns. Identi-
fication of opal-A is less reliable because material produces only a poorly resolved 4 Å peak
that is likely to be obscured in diffraction patterns that contain peaks from other minerals.
Another limitation occurs with XRD patterns that reveal quartz peaks; these could come
from either cryptocrystalline chalcedony, microcrystalline quartz, or a combination of the
two silica polymorphs. Identification of chalcedony is complicated by structural varia-
tions. Traditionally, chalcedony has been considered to consist of microcrystalline quartz;
however, optical microscopy reveals that chalcedony may contain both length-slow and
length-fast fibers. The length-fast fibers have been given the name “moganite”, which can
be recognized by thermogravimetry, FT-IR spectroscopy, transmission electron microscopy
(TEM), and XRD [60–62]. For this investigation, we defined chalcedony as consisting of
fibrous SiO2 as evidenced by polarized light optical microscopy and SEM imaging. XRD
patterns of these samples lacked the minor peaks characteristic of moganite. It is important
to note here that the X-ray diffraction patterns we report were made using conditions chosen
to provide analytical consistency for data that were obtained from the 62 specimens listed
in Appendix A. Optimized conditions could be used to better-characterize the mineralogy
of chalcedony phases (e.g., to possible presence of moganite) or to show the low intensity
~4 Å peak commonly present in opal-A; however, for our research, XRD patterns are a tool
for observing comparative compositional variations within a large suite of specimens. For
that work it is desirable to employ uniform analytical conditions.

Conventional XRD analyses of geologic materials are usually obtained from powdered
samples, so the diffraction patterns show overall average compositions. XRD patterns are
therefore of limited value for understanding the details of the fossilization process. For
example, similar XRD patterns might result when opalized wood contains quartz-filled
fractures, and when angiosperm wood has tracheids and fibers that are mineralized with
opal, but conductive vessels that are filled with chalcedony. Examples are described later
in this report.
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Measurement of density of silicified wood provides a simple method for evaluating
mineral composition [55]. Woods mineralized with opal have densities of 1.9–2.1 g/cm3,
compared to 2.5–2.6 g/cm3 for woods that are fully mineralized with chalcedony or quartz
Densities in the 2.1–2.5 range have several possible explanations. One possibility is that
the wood contains porous areas that reduce the density. This porosity may result from
cell lumen or conductive vessels that are unmineralized. A second possibility is that the
wood contains multiple silica phases, e.g., a mixture of opal and chalcedony. Abundance of
relict organic matter may reduce density. Finally, anomalous densities may result from the
presence of accessory minerals such as clay, iron oxide, zeolites, or carbonate minerals.

Optical microscope examination of thin sections of fossil wood has long been a main-
stay of paleobotany research; however, in most investigations, the slides have been ex-
amined under ordinary transmitted light using a biological microscope. These images
provide very little information for understanding the fossilization process. In contrast,
examination of thin sections using plane polarized light is potentially a very useful method
for recognizing the mineralization history.

Scanning electron microscopy can be a valuable tool for observing anatomical char-
acteristics and mineral composition of fossil wood; however, the success of the method
depends on the extent of the mineralization. Secondary electron images primarily reveal
topography; excellent images can be obtained when intercellular spaces remain open
(Figure 7A,B), or when cell lumen are empty (Figure 7C). Woods that are completely
mineralized typically yield relatively featureless SEM images (Figure 7D)
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Figure 7. SEM images showing variations in preservation detail. (A) Ginkgo Petrified Forest 

specimen V5, radial view, opal-A. (B) Ginkgo Petrified Forest specimen V13, radial view, 
Figure 7. SEM images showing variations in preservation detail. (A) Ginkgo Petrified Forest speci-
men V5, radial view, opal-A. (B) Ginkgo Petrified Forest specimen V13, radial view, opal-CT.Both
specimens show topographic detail because intercellular spaces are not mineralized. (C) Umtanum-
Canyon specimen U-8, radial view showing hollow ray cells, opal-A. (D) Ginkgo Petrified Forest
specimen V10, radial view, extensive opal-A deposition obscures topographic detail.

5. Results

The decision to investigate specimens from four fossil wood localities within the CRBG
was in part based on the opportunity to determine whether the fossil wood from each
locality had distinctive mineral features. The data indicate a complex fossilization process,
where mineralogical features vary greatly among specimens within a single deposit, and
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even within an individual specimen. The mineralogical characteristics of samples are
shown in Appendix A.

5.1. Silica Mineralogy

Four forms of silica have been found in CRBG fossil wood specimens: opal-A, opal-CT,
chalcedony, and macrocrystalline quartz. XRD patterns (Figure 8) show that specimens
from the various CRBG sites commonly contain mixtures of opal and chalcedony/quartz.
XRD patterns do not reveal the presence of opal-A, because this material yields only a very
weak diffuse peak. Opal-A can be recognized in polarized light view of petrographic thin
sections because of its isotropic nature (Figure 9). Opal-A may also be identified in SEM
images because of its physical form (Figure 10).

Opal-CT is a common constituent in CRBG fossil wood. SEM images often show
the incipient crystal structure (Figure 11). Well-formed crystals are consistent with the
relatively strong XRD peaks measured for these specimens. Low birefringence is a typical
opal-CT optical characteristic in polarized light optical photomicrographs (Figure 12).
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Figure 8. X-ray diffraction patterns reveal that many CRBG wood specimens contain opal-CT as a
major constituent, with varying proportions of quartz, the quartz quantity never being very large.
The opal-A pattern is from a Nevada, USA Miocene specimen. The lack of a visible small diffuse
peak centered at 4 Å for opal-A is a result of the presentation format where all patterns are shown at
the same vertical scale.
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photo on the left is illuminated with ordinary transmitted light; photo on right shows 

cross-polarized transmitted light. (A) Opalized wood, Saddle Mountain SM-10. Opacity of polar-

ized light view suggests most of the material is opal-A, with smaller amounts of low birefringence 

opal-CT present in cell lumen. (B) Yakima Ridge Terrace Heights sample TH-8. Vessels contain 

opal-A, with surrounding tissue mineralized with opal-CT. 

 

Figure 10. SEM images showing opal-A textures. (A) Yakima Ridge Selah Butte specimen SB-2 

view showing cells mineralized with opal-A. (B) Selah Butte specimen SB-2 showing opal-A hem-

ispherical encrustations. (C) Yakima Ridge Terrace Heights specimen TH-1, high magnification 

Figure 9. Optical photomicrographs of opalized wood showing transverse views. For each pair, the
photo on the left is illuminated with ordinary transmitted light; photo on right shows cross-polarized
transmitted light. (A) Opalized wood, Saddle Mountain SM-10. Opacity of polarized light view
suggests most of the material is opal-A, with smaller amounts of low birefringence opal-CT present in
cell lumen. (B) Yakima Ridge Terrace Heights sample TH-8. Vessels contain opal-A, with surrounding
tissue mineralized with opal-CT.
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Figure 10. SEM images showing opal-A textures. (A) Yakima Ridge Selah Butte specimen SB-2 view
showing cells mineralized with opal-A. (B) Selah Butte specimen SB-2 showing opal-A hemispherical
encrustations. (C) Yakima Ridge Terrace Heights specimen TH-1, high magnification view showing
opal-A microspheres. (D) Umtanum Canyon specimen U-8, longitudinal view showing three adjacent
cells mineralized with botryoidal opal-A.
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of bladed hemispheres has been interpreted as representing an early stages of opal-CT for-

mationwhere intersecting twin planes produce a distinctive architecture [63]. (C) Yakima Ridge 
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Figure 11. Opal-CT- textures. (A) Yakima Ridge Selah Butte specimen SB-2 (B) Specimen SB-2
showing view showing a vug where opal-CT lepispheres occur on an opal-A substrate. This form of
bladed hemispheres has been interpreted as representing an early stages of opal-CT formationwhere
intersecting twin planes produce a distinctive architecture [63]. (C) Yakima Ridge Terrace Heights
specimen TH-4 radial view showing an intratracheid pit lined with opal-CT. (D) Yakima Canyon
specimen YC-2, radial view showing tracheid lumina where open space allowed formation of blade
cristobalite/tridymite crystals.
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Figure 12. Optical photomicrographs of opalized wood showing transverse views. For each pair, the
photo on the left is illuminated with ordinary transmitted light; photo on right shows cross-polarized
transmitted light views. Low birefringence of material filling lumen is indicative of opal-CT. Isotropic
cell walls may be mineralized with opal-A. (A) Fossil wood from Badger Pocket (an outlier of Ginkgo
Petrified Forest). (B) Saddle Mountain specimen SM-1.

Fossil woods that show a major XRD peak at 3.34
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its fibrous structure (Figure 13). Polarized light views of thin sections commonly show
chalcedony to have radial architecture (Figure 14).
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Figure 13. SEM images of wood mineralized with chalcedony. (A) Yakima Ridge Selah Butte sample
SB-4. (B) Specimen SB-4 showing a single cell with walls replaced with chalcedony. (C) Yakima
Canyon Sample YC-1, after etching 10 s with 40% HF. (D) Yakima Ridge Terrace Heights specimen
TH-10. Thin seams of chalcedony in opalized wood tissue.
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Figure 15. SEM images of wood mineralized with macrocrystalline quartz. (A) Yakima Ridge Ter-

race Heights specimen TH-5, radial view showing tracheid pits. (B). Terrace Heights specimen 

TH-6, radial view showing tracheids. (C,D) Ginkgo Petrified Forest fossil oak showing cell walls 

mineralized with quartz, with empty lumen. The open space allowed quartz crystals to develop 

sharp terminations. 

The above descriptions apply to specimens that have homogeneous mineral com-

position. However, many CRBG specimens contain an assemblage of silica minerals. The 

compositional heterogeneities may occur at a variety of scales. Variations in mineral 

Figure 14. Optical photomicrographs of chalcedony mineralized wood from Saddle Mountain
specimen SM-3 wood showing transverse views. The photo on the left is illuminated with ordinary
transmitted light; photo on right shows cross-polarized transmitted light.

Macrocrystalline quartz can be recognized in SEM images and thin sections because of
its hexagonal crystal habit. Euhedral or subhedral crystals are most likely to be visible when
quartz has precipitated in open spaces, allowing terminated crystals to develop (Figure 15).

The above descriptions apply to specimens that have homogeneous mineral compo-
sition. However, many CRBG specimens contain an assemblage of silica minerals. The
compositional heterogeneities may occur at a variety of scales. Variations in mineral
composition can produce distinctive color patterns (Figures 16 and 17). At smaller scale,
compositional variations are apparent in petrographic thin sections and in SEM images
(Figures 18 and 19).
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Figure 15. SEM images of wood mineralized with macrocrystalline quartz. (A) Yakima Ridge Terrace
Heights specimen TH-5, radial view showing tracheid pits. (B). Terrace Heights specimen TH-6, radial
view showing tracheids. (C,D) Ginkgo Petrified Forest fossil oak showing cell walls mineralized with
quartz, with empty lumen. The open space allowed quartz crystals to develop sharp terminations.
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est, showing color patterns that represent three silica polymorphs. (B) Fossil wood from Yakima 

Ridge locality at Selah Butte, showing opal-CT and chalcedony mineralized zones. 

Figure 16. Color patterns in CRBG wood are controlled by compositional variations. (A) Ginkgo
Petrified Forest angiosperm, cf. Fraxinus. (B) Saddle Mountain conifer, Cuppressaceae. (C,D) Um-
tanum Canyon, unidentified conifer. (E) Yakima Ridge Terrace Heights angiosperm, Rhysocaryoxylon.
(F) Saddle Mountain conifer, Taxodioxylon. (G) Ginkgo Petrified Forest conifer, Piceoxylon.
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Figure 17. Color patterns related to mixed silica phases. (A) Fossil oak from Ginkgo Petrified Forest,
showing color patterns that represent three silica polymorphs. (B) Fossil wood from Yakima Ridge
locality at Selah Butte, showing opal-CT and chalcedony mineralized zones.
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Figure 18. SEM images show that individual specimens may have mineralogic heterogeneity. (A) 

Saddle Mountain specimen SM-1, etched 60 sec. with 40% HF. Cell wall mineralized with chal-

cedony, enclosing lumina filled with opal-CT. (B) Terrace Heights specimen TH-3, where two ad-
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Figure 19. Yakima Ridge Terrace Heights specimen TH-3. Tracheids and fibers are mineralized 

with opal-CT, but this conductive vessel contains microcrystalline quartz. 

Figure 18. SEM images show that individual specimens may have mineralogic heterogeneity.
(A) Saddle Mountain specimen SM-1, etched 60 sec. with 40% HF. Cell wall mineralized with chal-
cedony, enclosing lumina filled with opal-CT. (B) Terrace Heights specimen TH-3, where two adjacent
cell lumen contain different forms of opal, (C) Transverse view of Saddle Mountain specimen SM-1
shows cells solidly filled with opal-CT. (D) Only a few mm away, the cells contain highly-textured
opal, perhaps caused by shrinkage of a hydrous precursor.
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Figure 19. Yakima Ridge Terrace Heights specimen TH-3. Tracheids and fibers are mineralized with
opal-CT, but this conductive vessel contains microcrystalline quartz.

Esthetic concerns preclude the destructive chemical analysis of museum display
specimens; however, smaller specimens are available for study (Figure 11).

5.2. Compositional Heterogeneity

The presence of multiple silica phases in a single specimen has two possible modes of
origin. One explanation is that the presence of multiple silica polymorphs is the result of
multiple episodes of mineralization, where changes in the geochemical environment caused
particular minerals to precipitate from groundwater that permeated the buried wood.

The other possibility is that mineral transformations occurred during diagenesis,
where a silica precursor was converted to a different mineral structure. Petrographic
evidence shows that many CRBG specimens experienced successive episodes of silica
deposition. This phenomenon has been well documented in fossil wood from other loca-
tions [5,12,19]. For example, many fossil woods contain fractures or rot pockets that have
been filled with a type of silica different from the earlier mineralization of cellular tissue.
Cross-cutting relationships in silica-filled fractures are evidence of multiple mineralization
episodes (Figure 20).



Minerals 2022, 12, 131 18 of 32

Minerals 2022, 12, 131 18 of 31 
 

 

5.2. Compositional Heterogeneity 

The presence of multiple silica phases in a single specimen has two possible modes 

of origin. One explanation is that the presence of multiple silica polymorphs is the result 

of multiple episodes of mineralization, where changes in the geochemical environment 

caused particular minerals to precipitate from groundwater that permeated the buried 

wood. 

The other possibility is that mineral transformations occurred during diagenesis, 

where a silica precursor was converted to a different mineral structure. Petrographic 

evidence shows that many CRBG specimens experienced successive episodes of silica 

deposition. This phenomenon has been well documented in fossil wood from other loca-

tions [5,12,19]. For example, many fossil woods contain fractures or rot pockets that have 

been filled with a type of silica different from the earlier mineralization of cellular tissue. 

Cross-cutting relationships in silica-filled fractures are evidence of multiple mineraliza-

tion episodes (Figure 20). 

 

Figure 20. Coexistence of opal and quartz resulting from successive mineralization episodes. For 

each pair, the photo on the left is illuminated with ordinary transmitted light; photo on right shows 

cross-polarized transmitted light. (A) Fracture in Yakima Ridge Selah Butte sample SB-4. Cell walls 
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Figure 20. Coexistence of opal and quartz resulting from successive mineralization episodes. For
each pair, the photo on the left is illuminated with ordinary transmitted light; photo on right shows
cross-polarized transmitted light. (A) Fracture in Yakima Ridge Selah Butte sample SB-4. Cell walls
are mineralized with Opal-A, lumen contain opal-CT. A prominent fracture has a lining layer of
Opal-CT, with the central region filled chalcedony. (B) Saddle Mountain specimen SM-2. Opalized
wood contains networks of fractures that were later filled with crystalline silica. The cross-cutting
relationships of these veinlets are evidence that mineralization occurred in several stages. (C) Yakima
Canyon specimen YC-7. Quartz fills a complex space in opal-A wood.

Internal layering within fracture fillings clearly shows sequences of silica minerals that
were deposited. Figure 21 shows a thin fracture in a Saddle Mountain sample. The wood
tissue is mineralized with opal-CT; however, the fracture walls contain thin lining layers
of chalcedony that forms a substrate for later deposition of euhedral quartz crystals. The
sharp termination of these crystals is evidence that they grew while the central region of the
fracture remained open. The quartz crystals are coated by thin layers of opal-A that have
both laminar and botryoidal features. The central region contains chalcedony. The overall
depositional succession indicated by the wall architecture was chalcedony→ quartz→
opal-A→ chalcedony.
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cedony or macrocrystaline quartz (Figure 22). These patterns are evidence that during 
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precipitation of other forms of silica. This process likely represents the organic templat-

ing model, where silica is initially deposited within cell walls because of the ability of 

silica to form covalent bonds with functional groups present in cellulose and lignin 
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Figure 21. Alternating deposition of opal-A, euhedral quartz, and chalcedony in a thin fracture
in opalized wood from Saddle Mountain sample SM-2. For each photo pair, the image on left is
ordinary transmitted light, the right image is crossed polarized light. This complex mineralogy
exists in a fracture that is less than 2 mm wide. (A) Laminar opal-A coating a layer of euhedral
quartz crystals. The quartz overlies a chalcedony zone, which is positioned above a basal quartz
layer. (B) High magnification view shows an area where botryoidal opalA has been deposited on the
laminal opal layer.

Another type of multiple-stage mineralization occurred in angiosperm woods where
small-diameter cells (e.g., tracheids and fibers) were mineralized with a different form of
silica than the material that fills larger-diameter conductive vessels. The most common
occurrence is wood tissue that is mineralized with opal, with vessels that contain chalcedony
or macrocrystaline quartz (Figure 22). These patterns are evidence that during initial
mineralization, the vessels were left as open spaces that provided sites for later precipitation
of other forms of silica. This process likely represents the organic templating model,
where silica is initially deposited within cell walls because of the ability of silica to form
covalent bonds with functional groups present in cellulose and lignin [64,65]. This rapid
mineralization produces amorphous silica (opal) at a time when dissolved silica levels are
high. Precipitation of chalcedony or quartz in vessels probably represents precipitation from
more dilute Si solutions, where slower rates favor the development of well-ordered lattices.
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Figure 22. Mineralogy of conductive vessels in silicified angiosperm wood. (A) Yakima Ridge Selah
Butte sample SB-1. Opal-CT is the only form of silica. (B) Saddle Mountain sample SM-2, quartz-filled
vessels in opalized wood. (C) Yakima Canyon specimen YC-7 Smaller cells are mineralized with
microcrystalline quartz, vessels contain chalcedony.

Opaline fossil woods at CRBG localities also commonly contain chalcedony, with
macrocrystalline quartz occurring less frequently (Figure 23). Anatomical preservation is
consistent with the hypothesis that opalization of the cell walls occurred relatively rapidly,
before organic tissue was lost to microbial or chemical degradation. Fidelity of cellular
preservation is determined by the rate of initial mineralization versus to the rate of organic
degradation [20]. Precipitation of chalcedony and quartz appear to have precipitated later.
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(B)Terrace Heights sample TH-2. Conductive vessels mineralized with opal-CT are surrounded by 
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5.3. Possible Evidence of Diagenetic Mineral Transformation 

The transformation hypothesis has long been accepted as a valid model for wood 
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opalized wood is common in Cenozoic deposits, but virtually all Mesozoic and Paleozoic 
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poral pattern supports the hypothesis that opal eventually converts to crystalline forms 

Figure 23. Fossil woods containing opal and chalcedony/quartz. For each pair, the photo on the left
is illuminated with ordinary transmitted light; photo on right shows cross-polarized transmitted
light. (A)Yakima Canyon specimen YC-3. Transverse view of an annual ring pair. Early wood in
upper half of image are large diameter cells that are mineralized with chalcedony. Late wood contains
smaller cells with walls that are mineralized with opal, with lumen that are filled with chalcedony.
For specimens shown in (A,C) the absence of opal-CT peaks, and the isotropic nature of the opal in
polarized light thin section views suggests that the cell wall opal is amorphous opal-A. (B)Terrace
Heights sample TH-2. Conductive vessels mineralized with opal-CT are surrounded by haloes of
crystalline quartz. (C) Yakima Canyon sample YC-6, transverse view. Small diameter cells (tracheids
and fibers) are mineralized with opal. Vessels contain irregular masses of opal. Shrinkage of this
hydrous opal created open spaces that were later filled with chalcedony. A narrow fracture also
contains chalcedony.

5.3. Possible Evidence of Diagenetic Mineral Transformation

The transformation hypothesis has long been accepted as a valid model for wood pet-
rifaction; however, the supporting evidence is largely circumstantial. In particular, opalized
wood is common in Cenozoic deposits, but virtually all Mesozoic and Paleozoic silicified
wood is mineralized with chalcedony or quartz. Rare exceptions include the presence opal-
A in wood preserved Cretaceous deposits in Australia [59], and in Permian silicified wood
at Chemnitz, Germany [11] and the Parnaiba Basin, Brazil [14].This temporal pattern sup-
ports the hypothesis that opal eventually converts to crystalline forms of silica. Moreover,
the solid-state transformation of opal to chalcedony (chert) is well documented for silica
sinter in geothermal environments [66] and marine biogenic silica deposits [67,68]. The opal-
A→opal-CT transition has been studied for opal in sedimentary continental deposits [69].
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Reports of diagenetic silica transformations in fossil wood have often been based
on inference rather than clear evidence. For example, Stein [45] stated “It appears that the
recrystallization of silica in petrified wood takes place not only in much the same manner as in
marine sediments rich in biogenic opal, but also at much the same rates”. These assumptions
were based on the assertion that diagenetic temperatures of terrestrial buried wood are
similar in magnitude to those of siliceous marine sediments. Geologic evidence was
limited to the observation that the degree of crystallinity (crystallization index) increases
in proportion to the age of silicified wood specimens, and that opal-mineralized woods
were generally Eocene or younger. In contrast, Buurman [1] believed that some chalcedony-
and quartz-mineralized Cenozoic woods had formed without the involvement of an opal
precursor. Scurfield and Segnit [3] suggested that silica mineralization might depend on
the comparative rates of tissue degradation and mineral precipitation, causing some buried
woods to be mineralized with chalcedony rather than opal-CT. While acknowledging
the possibility of phase transformations, Scurfield and Segnit concluded “Rate of crystal
nucleation and growth, determined by the rate of breakdown of cell components, may decide whether
opal-CT or chalcedony is formed. The conversion of chalcedonic to quartz specimens is likely, the
change of opaline to chalcedonic specimens probable, but the conversion of opal-CT wood doubtful”.
In the decades following these early reports, experimental studies (e.g., [70–73]) document
early silicification processes; however, direct evidence of diagenetic transformations of silica
in fossil wood under natural conditions remains sparse and sometimes of questionable
validity. For example, descriptions of purported silica phase transformations in fossil woods
from Thailand-Myanmar were based on the presumption that specimens that contain more
than one silica polymorph resulted from diagentic transformation, without considering the
possibility that these mixed phases may have resulted from multiple silicification events
under changing geochemical conditions [74].

A phase diagram based on experimental data and field observations (Figure 24)
suggests that, under shallow burial conditions, the complete transformation of opal-A to
opal-CT is a slow process; conversion of opal-CT to quartz requires even more time. Given
their middle Miocene, CRBG fossil wood specimens would be expected to include many
specimens that had not yet reached equilibrium, resulting in the coexistence of multiple
silica phases. In particular, specimens might show an intermediate stage where amorphous
opal-A is developing incipient crystallization. Similar diagenetic trends have been observed
in biogenic siliceous sediments collected from extensive deepsea drilling [63].
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CRBG fossil woods commonly contain both opal-A and opal-CT as coexisting phases.
Indeed, these polymorphs are sometimes present within a single wood cell (Figure 25).
Chalcedony and macrocrystalline quartz may also be present. However, textural rela-
tionships visible in petrographic thin sections and SEM images suggest that these mixed
mineral assemblages were typically not a result of diagenetic transformations.
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Figure 25. Saddle Mountain sample SM-1 contains cells that contain semi-spherical masses of opal-A
surrounded by opal-CT. (A) Opal-A cell walls, with lumen that contain spheroidal masses of opal-A
with lesser amounts of opal-CT. (B) Opal-A occurs as spheroids surrounded by opal-CT.

Yakima Ridge Selah Butte specimen SB-8 is an example. As noted previously, logs at
this locality were preserved upright within a basalt flow where the wood became opalized.
Most Selah Butte specimens preserve this composition. The mineralogy of Selah Butte
specimen SB-8 is unusual (Figure 26). Tracheid outer walls are coated with a multitude
of small quartz crystals deposited on the surface of cells that are mineralized with <1 µm
microspheres characteristic of opal-A. The XRD pattern shows quartz as the only crystalline
component; however, the specimen density is only 2.15 g/cm3. These characteristics suggest
that the fossil wood primarily consists in amorphous opal-A. Subsequent precipitation of
an overgrowth of quartz crystals was probably a result of a hydrothermal process.
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Figure 26. Yakima Ridge Selah Butte specimen SB-8. (A) Hexagonal quartz crystals encrust
opal-A mineralized tracheid cells. (B) Higher magnification appears to show opal-A microsphere
morphology (arrow).

A few CRBG specimens have characteristics that suggest possible transformations.
Examples include Saddle Mountain specimens SM-3 and SM-12 (Figure 27). The XRD
patterns show that, for both specimens, quartz is the only crystalline constituent. In SM-12
subhedral quartz crystals occurs adjacent to areas that appear to have textures reminiscent
of opal-A microsphere morphology (arrow). Specimen SM-3 also contains relict micro-
sphere shapes (arrows). Both Saddle Mountain specimens have densities of 2.55 g/cm3

that are diagnostic of pure quartz. These fossil woods may represent transformation of
opal-to quartz.

Minerals 2022, 12, 131 24 of 31 
 

 

Yakima Ridge Selah Butte specimen SB-8 is an example. As noted previously, logs at 

this locality were preserved upright within a basalt flow where the wood became 

opalized. Most Selah Butte specimens preserve this composition. The mineralogy of Selah 

Butte specimen SB-8 is unusual (Figure 26). Tracheid outer walls are coated with a mul-

titude of small quartz crystals deposited on the surface of cells that are mineralized with 

<1 μm microspheres characteristic of opal-A. The XRD pattern shows quartz as the only 

crystalline component; however, the specimen density is only 2.15 g/cm3. These charac-

teristics suggest that the fossil wood primarily consists in amorphous opal-A. Subsequent 

precipitation of an overgrowth of quartz crystals was probably a result of a hydrothermal 

process. 

 

Figure 26. Yakima Ridge Selah Butte specimen SB-8. (A) Hexagonal quartz crystals encrust opal-A 

mineralized tracheid cells. (B) Higher magnification appears to show opal-A microsphere mor-

phology (arrow). 

A few CRBG specimens have characteristics that suggest possible transformations. 

Examples include Saddle Mountain specimens SM-3 and SM-12 (Figure 27). The XRD 

patterns show that, for both specimens, quartz is the only crystalline constituent. In 

SM-12 subhedral quartz crystals occurs adjacent to areas that appear to have textures 

reminiscent of opal-A microsphere morphology (arrow). Specimen SM-3 also contains 

relict microsphere shapes (arrows). Both Saddle Mountain specimens have densities of 

2.55 g/cm3 that are diagnostic of pure quartz. These fossil woods may represent trans-

formation of opal-to quartz. 

 

Figure 27. Saddle Mountain specimen SM-12. Quartz-mineralized wood comprising subhedral 

crystal textures with fine-grained regions where the textures resemble opal-A microspheres. (A) 

SM-12. (B) SM-3, radial view showing a crossfield pit. 

Figure 27. Saddle Mountain specimen SM-12. Quartz-mineralized wood comprising subhedral crys-
tal textures with fine-grained regions where the textures resemble opal-A microspheres. (A) SM-12.
(B) SM-3, radial view showing a crossfield pit.

Optical photomicrographs of CRBG fossil wood thin sections reveal specimens where
individual cells contain multiple forms of silica. In some specimens, opal-A and opal-CT
coexist. In other samples, quartz is also present. The complexity of the mineralization
patterns defies easy interpretation. In a previous study of Miocene wood from Nevada,
Mustoe [5] suggested that the mineralization of individual wood cells can resemble the
lining layers within a geode, where discrete minerals may be precipitated in successive
events. Perhaps the silica polymorphs in CRBG wood cells likewise represent a similar
style of episodic deposition. In certain instances, the textures suggest the possibility
of diagenetic transformation. Figure 28A shows the possible conversion of opal-CT to
chalcedony. However, other cells in the same thin section show amorphous zones (opal-A?),
surrounded by birefringent silica (Figure 28B).
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Figure 28. Saddle Mountain sample SM-1. (A)Transverse polarized light view shows that cells contain
opal-CT, with marginal regions of slightly higher birefringence and a columnar fabric suggestive of
chalcedony (yellow arrows). (B) Nearby cells show inner zones of dark colored mineral isotropic
material that is presumed to be opal-A based on the isotropic quality in polarized light views (image
at lower right).

6. Discussion

None of the four CRBG localities studied for this report have distinctive mineralogy, i.e.,
an individual specimen cannot be identified as having come from a specific locality based
on its mineral composition. However, some general trends can be recognized. Woods from
Ginkgo Petrified Forest State Park are highly diverse in mineralogy, ranging from nearly
pure opal to pure chalcedony. Many occurrences are tree trunks that contain patterns where
opal and chalcedony coexist as separate regions (Figure 10). At Umtanum Canyon, seven of
the eight specimens studied are opaline, with opal-A as a major constituent. In contrast, opal
wood specimens collected from Saddle Mountain contain only opal-CT, with chalcedony
and quartz being common constituents. Opal wood is abundant at Yakima Ridge fossil
forest, including both opal-A and opal-CT. Chalcedony and quartz are typically present as
late-stage precipitates, with these minerals occurring as fracture fillings or in cell lumen.
Precipitation of these crystalline phases occurs when dissolved silica levels are relatively low,
allowing well-ordered lattice structures to develop. As a generalization, the mineralization
history suggests that silicification began as opal precipitation within cell walls, and that
subsequent mineralization was a complex process where silica precipitation was influenced
by permeability variations within the buried wood and geochemical changes that affected
silica-bearing groundwater. The general similarity of fossil woods at CRBG localities is
probably the result of the rather uniform major element composition of the basalt flows [76];
volcanic glass can be an important source of dissolved silica in groundwater [77,78].
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6.1. Source of Groundwater

Water trapped in the pores of sedimentary rocks (connate water) was perhaps a source
of mineral-laden solutions responsible for the precipitation of silica in buried woods in
CRBG strata associated with sedimentary beds. Because the mid-Miocene volcanism pre-
dated the tectonic evolution of the North Cascade Range, the absence of a rainshadow made
precipitation levels much higher than they are today [29]. As a result, most groundwater
probably originated from meteoric water that permeated along fractures and stratigraphic
contacts. This mineral-laden water is responsible for the initial precipitation of silica
minerals; water is present in both adsorbed and structural forms in opal-A and opal-CT [79].

6.2. Why Is the Mineralogy So Complicated?

The reason why diagenetic silica transformations have been relatively easy to docu-
ment for siliceous sinter and diatomite is that both materials have homogeneous composi-
tion, being composed of microparticles of approximately uniform size. For these materials,
time and temperatures related to burial depth can cause silica mineral transformations to
show stratigraphic distribution [80–84].

Silicification of buried wood involves more complicated processes. In living trees,
wood serves two primary purposes: structural support of the leaf crown and the upward
transport of nutrient-bearing liquids. Fluid permeability persists in buried tree trunks,
which is not surprising given that, in a living tree, most of the interior tissue is dead.
Mineralization occurs when minerals dissolved in groundwater are absorbed by the buried
wood. Initial silica deposition typically begins on cell wall surfaces because of “organic
templating”. Mineralization of intercellular spaces, vessels, fracture spaces and rot pockets
may occur during later episodes, when the geochemical environment has changed. For
example, high dissolved silica levels favor rapid precipitation of opal. Lower silica levels
result in slower precipitation rates, allowing formation of chalcedony and quartz.

This description is a simplification of a petrifaction process that can be very complex.
For example, permeability may be different in various regions within a single log. In some
woods, Interior “heartwood” regions have cells that have been partially filled with cellulosic
tissue (tyloses) that reduce permeability. Permeability can also vary among neighboring
cells. This phenomenon explains the damage that plants can experience during times of
drought. If an individual tracheid or vessel develops an air gap, that cell loses its ability
to conduct fluids. This desiccation can presumably occur in ancient logs that have been
exposed to atmospheric conditions prior to burial. Absorption and internal transport of
mineral-bearing groundwater may also be related to the presence of fractures or rotted
areas.Clogging of cells can occur if wood surfaces are exposed to sediments whose particles
are less than the diameter of the lumen.

How do these parameters affect silicification? Mineral precipitation is influenced
by the chemical composition of groundwater, which can vary with time. Mineralization
is also affected by temperature, Eh, and pH, which are likewise variable factors. As a
result, cells that are highly permeable may by mineralized differently from cells that are
less permeable. Similarly, cells in the outer zone of a log may be dissimilar in petrifaction
of inner regions. Wood that contains fractures or hollow regions may have differing
mineralogy from pristine logs.

CRBG woods were particularly susceptible to mineralization differences because of
their paleoecologic characteristics. Logs that had been transported within lahar flows (e.g.,
Ginkgo Petrified Forest) may have suffered physical trauma prior to final burial. For all
CRBG localities, inundation of horizontal logs or standing trees in molten lava could affect
cell permeability, a striking example being Yakima Ridge Selah Butte trunks that show
carbonization of the outer zone.

In summary, the common coexistence of silica polymorphs in CRBG fossil woods and
the abundance of specimens were presumed to make these fossil localities an ideal place
for searching for non-equilibrium specimens that record the solid-state transformation
of opal-A→opal-CT→chalcedony/quartz that has long been invoked as an explanation
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for wood silicification. Instead, evidence of this transformation remains tentative; most
CRBG woods that contain mixed silica assemblages appear to have resulted from successive
episodes of mineralization under differing geochemical conditions. This evidence does not
disprove the possibility that silica minerals transform during prolonged burial, and the
search for mineralogic “missing links” remains a goal for future research
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Appendix A

GINKGO PETRIFIED FOREST—VANTAGE, WA

Sample
Density
g/cm3

XRD Thin Section
Repository

Opal-CT Quartz Opal-A Opal-CT Chalcedony Quartz

V1 2.29 + + + + Beck specimen #353

V2 2.25 + − + Beck specimen #354

V3 2.49 + + Beck specimen #408

V4 2.06 + + Beck specimen #421

V5 2.05 + + − Beck specimen #423

V6 2.49 + + Beck specimen #428

V7 2.50 + + Beck specimen #431

V8 2.40 + + − + − Beck specimen #438

V9 2.22 + + + Beck specimen #470

V10 2.06 − + Beck specimen #477

V11 2.23 + + + Beck specimen #478

V12 2.29 + + + + − Beck specimen #498

V13 1.94 - + Beck specimen #518

V14 2.12 − + − Beck specimen #569

V15 2.35 + + Beck specimen #582
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UMTANUM LOCALITY & YAKIMA CANYON OUTLIERS

Sample
Density
g/cm3

XRD Thin Section
Repository

Opal-CT Quartz Opal-A Opal-CT Chalcedony Quartz

U1 1.99 + + - Beck specimen #313

U2 2.05 + − + + Beck specimen #321

U3 2.18 + + + + Beck specimen #322

U4 2.09 + + + Beck specimen #329

U5 2.07 + − + − Beck specimen #512

U6 2.41 + + Beck specimen #540

U7 2.03 + + Beck specimen #574

U8 2.07 + − + + − WWU specimen

YC-1 2.53 + + WWU specimen

YC-2 2.06 + + − WWU specimen

YC-3 2.34 + + + + WWU specimen

YC-4 2.36 + + + + WWU specimen

YC-5 2.57 + + WWU specimen

YC-6 2.17 + + − WWU specimen

YC-7 2.04 + − WWU specimen

SADDLE MOUNTAINS LOCALITY

Sample
Density
g/cm3

XRD Thin Sections
Repository

Opal-CT Quartz Opal-A Opal-CT Chalcedony Quartz

SM-1 2.26 + + + + + WWU specimen

SM-2 2.52 + + + WWU specimen

SM-3 2.55 + + WWU specimen

SM-4 2.17 + - + + − WWU specimen

SM-5 2.41 + + + + WWU specimen

SM-6 2.45 + + WWU specimen

SM-7 2.64 + + WWU specimen

SM-8 2.24 + − + + WWU specimen

SM-9 2.22 − + + − WWU specimen

SM-10 2.32 + + + + WWU specimen

SM-11 2.25 + + + + WWU specimen

SM-12 2.55 + + WWU specimen

SM-13 2.19 + − + − WWU specimen

SM-14 2.58 + + WWU specimen
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YAKIMA RIDGE: TERRACE HEIGHTS LOCALITY

Sample
Density
g/cm3

XRD Thin Sections
Repository

Opal-CT Quartz Opal-A Opal-CT Chalcedony Quartz

TH-1 2.06 + + + + + WWU specimen

TH-2 2.55 + + + WWU specimen

TH-4 2.49 + + + + WWU specimen

TH-5 2.54 + + WWU specimen

TH-6 2.53 + − + + WWU specimen

TH-7 2.23 + + + + + WWU specimen

TH-8 2.15 + + WWU specimen

TH-9 2.31 + + + + + WWU specimen

TH-10 2.27 + − + + WWU specimen

YAKIMA RIDGE: SELAH BUTTE LOCALITY

Sample
Density
g/cm3

XRD Thin Sections
Repository

Opal-CT Quartz Opal-A Opal-CT Chalcedony Quartz

SB-1 2.44 + − + WWU specimen

SB-2 2.04 + + − + WWU specimen

SB-3 2.20 + − + + − WWU specimen

SB-4 2.08 + − + + − WWU specimen

SB-5 1.98 + − + − WWU specimen

SB-6 2.20 + + + + + WWU specimen

SB-7 1.99 + − + + WWU specimen

SB-8 2.15 + − + + − WWU specimen

SB-9 2.51 + − + + WWU specimen
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